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Preface
In the last several decades, wide variety of novel materials based on polymer
chemistry have been developed for the innovation in mechanics, electronics, energy,
information technology, and biotechnology. The crucial issue for developing new materials is
forming structures with appropriate size and shape by arranging and/or aligning molecules to
exhibit a particular property, function, and utility. For the achievement of molecular
arrangement to express the functionalities, the integration of the molecular synthetic
bottom-up process and the mechanical microfabricated top-down process has been
proposed as molecular nanotechnology.  
Recent development of chemistry, such as supramolecular chemistry, crystal
chemistry, and precision synthetic chemistry, has enabled to create functional materials with
highly-controlled structures; however, it is frequently seen in polymers that assembled
polymer molecules do not exhibit their intrinsic functions derived from each single molecule
due to their low orientation and disordered arrangement. For example, purely organic magnet
consisted of -conjugated polymers bearing stable radicals (unpaired electrons) with the
appropriate molecular design and the precise synthesis has not been realized because of the
difficulties in the arrangement of the radical polymer molecules with satisfying the proper
molecular positions and the ferromagnetic intermolecular spin-alignment. The understanding
and usage of single radical polymer molecules one-by-one in nano-scale will give important
knowledge and information not only for the achievement of purely organic magnets but also
for the future development of material science.
This thesis deals with the synthetic approach of nanometer-sized radical polymers
and their visualization, arrangement, and evaluation in molecular-scale to suggest new
concepts and applications from the view points of molecular nanotechnology. Chapter
1describes the background and recent researches, including molecular electronics and
magnetism  synthesis and their molecular scale evaluation  (section 1.2), magnetic force 
microscopy  recent development for visualization of nano-scale molecules  (section 1.3), 
and arrangement of nanometer-sized particle  techniques and applications of particle
arrangement  (section 1.4). In chapter 2, the visualization of single radical polymer
molecules and the quantitative evaluation of their local magnetization with magnetic force
microscopy are described. Chapter 3 and 4 present the synthesis of nanometer-sized radical
polymer particles and their arrangement on microfabricated substrates with a simple
technique. Chapter 5 and 6 deal with the approach for the molecular-scale evaluation of
polymer conductivity by utilizing microfabricated electrodes and/or network structure with
gold nanoparticles. The last chapter concludes this thesis and proposes future prospects for
molecular nanotechnology based on radical polymers.
Manabu Tanaka
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1.1 Introduction
In 1959, the eminent scientist Richard P. Feynman described the future about the
possibilities of studying science at the molecular scale in his groundbreaking talk Theres 
Plenty of Room at the Bottom:1
I would like to describe a field, in which little has been done, but in which an
enormous amount can be done in principle. [] What I want to talk about is the 
problem of manipulating and controlling things on a small scale. [] 
Why cannot we write the entire 24 volumes of the Encyclopedia Brittanica on the
head of a pin? Lets see what would be involved. The head of a pin is a sixteenth of
an inch across. If you magnify it by 25,00 diameters, the area of the head of the pin
is then equal to the area of all the pages of the Encyclopedia Britannica. [] 
But I am not afraid to consider the final question as to whether, ultimately---in the
great future---we can arrange the atoms the way we want; the very atoms, all the
way down! What would happen if we could arrange the atoms one by one the way
we want them. [] 
What would the properties of materials be if we could really arrange the atoms the
way we want them? They would be very interesting to investigate theoretically. I
can't see exactly what would happen, but I can hardly doubt that when we have
some control of the arrangement of things on a small scale we will get an
enormously greater range of possible properties that substances can have, and of
different things that we can do. 
This was the beginning of Nanotechnology. His visionary talk covered a wide range of
concepts, possibilities, and applications, on which we work today in the field of
nanotechnology and nanoscience. Feynman talked the possibilities for making, manipulating, 
visualizing, and controlling things on a small scale, and imagining that in decades to come, it 
might be possible to arrange atoms the way we want. He cited an example with 
Encyclopedia Britannica and a pin for giving the potentialities of nanotechnology; however,
he did not suggest how this might be done.
Feynmans idea was a physical approach by chipping materials smaller and smaller
up to nanometer-scale with mechanical techniques (so-called Top-down approach). 
However, it must be eminently difficult to achieve the whole objectives with this approach
due to the technical limitation of mechanical processes. During the 1970s and 1980s, K. Eric
Drexler developed and advocated his new idea, molecular nanotechnology, and published 
as the book Engines of Creation-The Coming Era of Nanotechnology-:2
Coal and diamonds, sand and computer chips, cancer and healthy tissue:
throughout history, variations in the arrangement of atoms have distinguished the
cheap from the cherished, the diseased from the healthy. [] 
Our ability to arrange atoms lies at the foundation of technology. We have come
far in our atom arranging, from chipping flint for arrowheads to machining
aluminum for spaceships. []  
Our microelectronic technology has managed to stuff machines as powerful as the
room-sized computers of the early 1950s onto a few silicon chips in a pocket-sized
computer. [] These microcircuits may be small by the standards of flint 
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chippers, but each transistor still holds trillions of atoms, and so-called
"microcomputers" are still visible to the naked eye. By the standards of a newer,
more powerful technology they will seem gargantuan. [] The new technology 
will handle individual atoms and molecules with control and precision; call it
molecular technology. It will change our world in more ways than we can imagine. 
[]  
As nanotechnology moves beyond reliance on proteins, it will grow more ordinary
from an engineer's point of view. Molecules will be assembled like the components
of an erector set, and well-bonded parts will stay put. Just as ordinary tools can
build ordinary machines from parts, so molecular tools will bond molecules
together to make tiny gears, motors, levers, and casings, and assemble them to make
complex machines.  
In this book, he wrote that manufactured products are made from atoms, and their properties
depend on how those atoms are arranged, and insisted the consequence of atom/molecular
assembly and arrangement by referring to the phenomena of nature. This approach, in which
atoms and molecules are dealt with one by one to create functional materials, is called
Bottom-up process. Though only the bottom-up process is utilized for the molecular 
assembly in the phenomena of nature, it is eminently complicated to achieve such assemblies
with the approach in the present circumstances.
For the reason, the fusion of the bottom-up molecular chemistry methods of 
making materials and the ling-time developing top-down solid-state physical ways of 
making structures has been attempted. The integration of bottom-up and top-down 
approaches can provide an effective pathway to new materials whose structure at all levels 
of construction, from the nano scale to the overall macroscopic form determine materials
properties, desired function, and practical utility. For the development in the integration of
bottom-up and top-down approaches, the understanding of single molecules in nano-scale
and dealing with them one-by-one are indispensable for the utilization of molecular
nanotechnology and the future development of material science.
This chapter deals with the background and recent researches related to this thesis, in
which the synthetic approach of nanometer-sized radical polymers and their visualization,
arrangement, and evaluation in molecular-scale are described. This chapter is consisted of the
following three section; molecular electronics and magnetism  synthesis and their molecular 
scale evaluation  (section 1.2), magnetic force microscopy  recent development for 
visualization of nano-scale molecules  (section 1.3), and arrangement of nanometer-sized
particle  techniques and applications of particle arrangement  (section 1.4). 
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1.2 Molecular Nanotechnology
1.2.1 Definition of Molecular Nanotechnology1
Nano-, a prefix denoting a factor of 10-9 has its origin in the Greek nanos, meaning
dwarf. The term is often associated with the length scale of nanometer, a billionth of meter
(10-9 m) or 10 Å. How small is a nanometer?, when the diameter of the earth (1.27×107 m)
is mentioned as a case as one example of an answer to the question to say, it is only a sphere
with a size of only 12.7 mm. It was not so long ago in the world of molecules and materials
that 1 nm was considered large in chemistry while 1 m (= 1000 nm) was considered small in
engineering physics. In recent years, however, nano has left the science reservation and 
entered the industrial technology consciousness and public and political perception. Indeed,
nanomaterials have been widely studied because they characteristically exhibit physical and
chemical properties different from the bulk as a consequence of having at least one spatial
dimension in the size range of 1-1000 nm.
In the past decades, nanotechnology has attracted much attention in various fields
due to the unique chemical and physical characteristics of materials on the scale below 1000
nm. The top-down and/or bottom-up approaches have been attempted to fabricate and 
evaluate nanomaterials (Figure 1.2.1). K. E. Drexler advocated molecular nanotechnology,2
in which functional systems are constructed by atoms and molecules at the nanoscale. In
molecular nanotechnology, chemical approaches including self-assembly are utilized to
fabricate the molecular system.
Figure 1.2.1. Intersection of top-down and bottom-up engineering. 
1.2.2 Molecular Electronics - Conductance of Single Molecule and Molecular Devices
Molecular electronics is a field to fabricate electrical devices based on molecules in
nano-scale. Fundamental study on the conductance of single molecules has been investigated
to reveal the intrinsic electrical property of the molecules and to apply them to molecular
devices.
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Mechanism of single molecular conduction3,4
The electron transport through a single molecule is categorized in two main distinct
categories: (i) temperature-dependent incoherent thermal or hopping conduction and (ii)
temperature-independent conduction such as direct tunneling, resonance tunneling, or
superexchange mechanism (Figure 1.2.2). The direct tunneling or resonance tunneling takes
place when the Fermi levels of contacts lie within the large HOMO-LUMO gap for short
length molecule or when the potential bias is an electronic level of the bridge which enters the
window between the Fermi-energy of the two electrodes. The superexchange mechanism
occurs in the presence of a charge distribution near a metal in the polarization of the metal.
The Kondo effect and Coulomb blockade are important phenomena in 
mesoscopic physics. These phenomena were observed in several molecules, such as
paraphenylenevinylene oligomers, in the field of molecular electronics.5-7
Figure 1.2.2. Schematic illustrations of conduction mechanism (direct tunneling,
resonance tunneling, superexchange mechanism, and Hopping conduction).
Experimental measurement of single molecular conductivity
For studying the electronic transport through individual molecules, several
experimental techniques, including scanning tunneling microscopy (STM) and
microfabricated nano-gapped electrodes, have been considered.8,9 In general, however, the
measurement break down into three major categories. First, there are STM measurements of
self-assembled monolayer, in which objective molecules form monolayer with surrounding
matrix molecules.10-18 Second is measurement on monolayers with nanopore sandwiched
between two electrodes, in which hundreds of molecules can contribute to the transport.19-25
Third, there are break junction measurements, in which one is presumably measuring a small
number (ideally 1) of molecules.26-32
Measurements of single molecular conductivity using STM or conducting atomic
force microscopy have been reported by many groups.10-18 Lindsay et al. measured the
direct tunneling resonance tunneling
superexchange hopping
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conductivity of octanedithiol monolayer with STM by operating on the SAM surface and
demonstrated that the measurement of intrinsic molecular properties requires chemically
bonded contacts.10 The conductivity of -conjugated molecules, such as oligo(phenylene
vinylene)s, oligo(phenylene ethynylene)s, and oligothiophenes, using STM were reported by
T. Bjørnholm et al. or L. Yu group.11-13 Recently, J. M. Tour and P. S. Weiss et al. reported the
hypothesized mechanism of stochastic conductance switching with
phenylene-ethynylene-based oligomers.14-18 They revealed that the conductance switching
phenomena were relived from functional group reduction, functional group rotation, backbone
ring rotation, neighboring molecule interactions, bond fluctuations, and hybridization
changes.
The micro-fabricated electrodes were utilized by M. A. Reed and J. M. Tour to
measure directly the conductivity of organic molecules.19-24 Unique characteristics including
diode characteristic, negative differential resistance (NDR),20,21 or memory effects21-23 have
been revealed.
Conductance measurements with break junctions, which were mechanically
fabricated by breaking the narrow gold wires electrochemically or stretching the gold
electrodes, have been actively investigated by several groups.26-32 The histograms were
observed by Taos group, found by an electrochemical break junction scheme.27-31 This is an
important measurement, demonstrating clearly the differing conductance values expected for
differing molecular geometries. The results of these measurements, revealed the breadth of the
observed conductance, the near-quantitized transport in the metal wires, and the higher
transport in the benzene dithiol than in the xylene dithiol.
Molecular Devices
Since first proposed by A. Aviram et al. in 1974, the design of the nanoscale
molecular devices has been explored in various field.33-35 By tailoring the atomic structures of
organic molecules, they proposed, it should be possible to concoct a transistor-like device.
However, their ideas remained largely theoretical until a recent confluence of advances in
chemistry, physics, and engineering. For example, as pointed out Tour et al., the interest in
and technical advantages of such integrated molecular-scale devices are notable because of
their reduced sizes and faster intramolecular electron transfer rates, compared to conventional
components.36 -Conjugated organic materials with a well-defined chemical structure and
multi nanometer dimension are now attracting attention in the field of material science.
Many kinds of molecular devices, such as molecular wire, molecular rectifier,
molecular shutter, molecular motor, molecular vehicle, and molecular transistor, have been
reported by using routine chemical synthesis.5-7,19-21,37-49
1.2 Molecular Nanotechnology
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1.2.3 Molecular Magnetism - Radical Polymers and Single Molecular Magnets
Concept of Molecular Magnetism
Creation of molecular-based magnets demands on the alignment of the spins in
three-dimensions in the solid state. In other words, the spins must possess three-dimensional
ferromagnetic coupling. The basic problem in the creation of organic and/or molecular
ferromagnets is the organization of molecules in a crystal or a polymer to ensure parallel
(ferromagnetic) alignment of spins. In order to accomplish this goal, molecular species
containing multiple spins need to possess intramolecular and/or intermolecular ferromagnetic
interaction. As molecular-based magnetic materials, unpaired electrons in organic radical
molecules or paramagnetic metal complex carry on the role of spins. The difficulty is that the
intermolecular exchange aligns spins of adjacent s-, p-, or d-orbital unpaired electrons in
antiparallel (antiferromagnetic) directions under usual conditions. Therefore, synthetic
chemists need theoretical models to guide them to design and synthesize ferromagnetic
high-spin materials. The fundamental theories and various examples of molecular-based
magnetic materials have been widely explained and introduced in a variety of books and
reviews.50-55
Radical Polymers and Single Molecular Magnets
It has been considered that organic molecules are magnetically inactive and only
transition and lanthanide elements and their related compounds are applicable to magnetic
materials. Recently, a variety of organic radical molecules have opened up a new field of
magnetic materials, which would offer a tremendous potential in combination with the
fine-tunable characteristics of organic molecules.
Purely organic high-spin polymers based on exchange coupling through a
-conjugated bond have attracted a great deal of attention as one of the potential candidates
for creating an organic magnet.51,52,56-59 In order to give a ferromagnetic character to these
radical polymers, -electrons would play a vital role. Since the first report of an organic
ferromagnetic polymer in 1986 by A. A. Ochinnikov et al., a -conjugated backbone has been
used to ferromagnetically connect radical species via the through-bond intramolecular
exchange interaction. There are two approaches (some researchers classified the polaron type
high-spin polymer, demonstrated by R. J. Bushby et al., into another approach) to realize a
high-spin radical polymer.
One is to attach the radicals on the conjugated main chain as a side chain. H. Nishide
et al. reported an S of 10/2 with a poly(1,2-phenylenevinylee) network bearing 4-substituted
di-tert-butylphenoxyls (oxygen-centered radicals) 1,60 Recently, hyperbranched
poly[1,2,(4)-phenylenevinylene] bearing aminium cation radicals (nitrogen-centered radicals)
2 was also synthesized by the same group. This aminium cation radicals displayed an S = 7/2
not only at low temperature but also even at 70oC.61 These results suggested the advantage of
the pendant type radical polymers to realize durable high-spin polymers. Another approach is
Chapter 1
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to introduce the radicals into the conjugated main chain, and they are ferromagnetically
connected through conjugated couplers, e.g. m-phenylene units, satisfying the spin alignment
rules. A. Rajca et al. demonstrated a very high-spin alignment with a spin quantum number S
> 5000 at low temperature by synthesizing a insoluble highly cross-linked network of
macrocyclic units, poly(1,3-phenylenephenylmethyne)s (carbon-centered radicals) 3, with a
molecular weight of more than 100,000.62,63
Instead of the approach for organic magnetic materials by utilizing -conjugated
polymers, purely organic radical crystals have also widely studied by many groups. The
synthesis of molecular crystals, macromolecules possessing organic radicals, and/or
paramagnetic metal ion as spin centers has been in progress based on various individual
strategies.50,51,53-55 As a guiding principle of intermolecular magnetic coupling, H. M.
McConnell suggested conditions for ferromagnetic interaction in stacked radical molecules
that possess both positive and negative spin densities.64 In 1991, M. Kinoshita et al. first
demonstrated the organic ferromagnetism with -phase crystal of the p-nitrophenyl nitronyl
nitroxide radical 4 under the Curie temperature Tc = 0.60 K.65 Recently, organic radical
crystals using cyclic thiazyl radicals with higher Tc were reported by K. Awaga et al.66-70 The
complex of thiazyl radicals (benzo[1,2-d:4,5-d]bis[1,3,2]dithiazole) and GaCl4 5 showed
ferromagnetism with Tc = 7.0 K.69,70
Paramagnetic metal clusters have also been investigated as single molecular
magnets.71-73 G. Christou and D. N. Hendrickson prepared the manganese clusters, such as
[Mn12O12(C4H5O2)16(H2O)4], and demonstrated their ferromagnetism.74-76
O
O
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O
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n
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N
N
N
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N
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Applications of Molecular Magnetic Materials
Molecular magnetically active materials have been attempted not only for molecular
magnets but also various applications including storage media, transistors, and spintronics
devices.
J. Veciana et al. reported the magnetic information storage on polymers by using
patterned single-molecule magnets.77-79 The Mn12 molecules formed topographical pattern
with matrix polymer in the structured master template. The magnetic response on each pit was
detected by magnetic force microscopy (MFM).
The organic field-effect transistor (OFET) by using organic radical molecule was
reported by D. Zhangs group.80 They synthesized the imino nitroxide-substituted pyrene 6
and fabricated the OFET device by a high-vacuum deposition process. The device was
operated within low voltage and showed p-type FET characteristics with excellent
performance. If an assembly of organic donor radicals exhibits FET characteristics, the
interaction between a localized spin of the radical unit and conduction electrons passing
through the donor column may manifest a magneto-resistance effect by application of an
external magnetic field. T. Sugawara et al. demonstrated a field-effect transistor consist of
spin-polarized TTF-based donor 7.81 Though the FET effect of a donor radical of 7 was hardly
observed, this was the first examination of the interaction between an organic localized spin
and conduction electrons.
A spin rectifying nano-device was also attempted by Sugawaras group by using a 
spin-polarized nano-wire and interconnect metallic nano-particles.82,83 The nitronyl nitroxide
radical-substituted oligothiophene bearing thiol groups at the end 8 was synthesized to afford
ground-state triplet diradical cations upon one-electron oxidation.84 Mixture of thiol
groups-terminated molecular wire 8 and gold nanoparticle yielded the -network structured
film, which showed much higher conductivity than the film of -network. In addition, they
demonstrated that the spin-polarized molecular wires exhibit a negative magneto-resistance
by applying the external magnetic field at very low temperature.
NO2
N
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O
4 5
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N
S S
N
S
GaCl4
+
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1.3 Magnetic Force Microscopy
1.3.1 Scanning Probe Microscopy
Scanning probe microscopy (SPM) is a general name of a series of microscopies
which covers a lateral range of imaging from several 100 m to 10 pm using a tiny
microprobe scanned on a sample surface.1-4 An advantage of SPM compared with other
microscopy such as scanning electron microscopy (SEM) or transmission electron microscopy
(TEM) is its lateral and vertical resolutions (Figure 1.3.1). In addition to microscopic
observation, SPM enables evaluation of single molecular properties and manipulation of
atoms or small molecules.
Figure 1.3.1. Comparison of resolution in various microscopies.
Scanning Tunneling Microscopy
The starting point of SPM was the invention in 1982 of the scanning tunneling
microscope (STM) by G. Binnig and H. Rohrer,5-7 who were awarded the Nobel Prize for
physics in 1986. Using the combination of a coarse approach and piezoelectric transducers, a
sharp, metallic probe tip is brought into close proximity with the sample. The distance
between tip and sample is only a few angstrom units, which means that the electron wave
function of tip and sample start overlap. A bias voltage between tip and sample causes
electrons to tunnel through barrier. The tunneling current is in the range of pA to nA and is
measured with a preamplifier. This signal is the input signal of the feedback loop, which is
designed to keep the tunneling current constant during (x, y)-scanning. The output signal is
amplified (high voltage amplifier) and connected to the z-piezo. According to the feedback
output voltage and the sensitivity of the piezo (typically nm/V) the tunneling tip is moved
backwards or forwards and the tunneling current is kept constant during acquisition of the
image. This operation mode is called constant current mode. There exist other modes, such as
the constant height mode, where the tip is moved at constant height and variations in the
current are measured. The distance or the current change is recorded by a computer as a
Lateral Resolution
1 nm 1 m 1 mm
1 nm
1 m
1 mm
1 pm
FIM
SEM
TEM
OM
SIMS
AES
0.05 A
2 A
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function of the lateral position and displayed as a microscope image.8,9
Generally, it is said that the movement of the tip at constant tunneling current reveals
the topography of the sample surface. But STM can do much more than imaging. The
electronic structure of the surface can be studied in STM using the so-called spectroscopy
modes, scanning tunneling spectroscopy (STS).10 STS experiments are important to determine
properties such as barrier heights or the local density of state at the Fermi level as a function
of voltage. The third important strength of STM beyond topographical imaging and local
measurement of surface properties is the manipulation of surface. Single atoms of the surface
or adsorbates in it have been systematically moved in STM in order to build nanometer-sized
structures.11-13 Eigler et al. demonstrated the STM manipulation of atoms on metal substrate to
build nanostructures including the capital letters of IBM using Xe atoms.14 Manipulation of
Fe atoms,15 Ge atoms,16 CO molecule,17,18 or porphyrin molecules19,20 have also been
reported.
Atomic Force Microscopy
The family of scanning probe microscopies has several members including the
scanning force microscopy (SFM), based on a variety of tip-sample interactions. The basic
concept of force microscopy is the measurement of forces between a sharp tip and a sample.
Most commonly, the tip is mounted on the end of cantilever which serves as a force sensor.
Either the static deflection of the cantilever or the change in its dynamic properties due to
tip-sample forces can be exploited. The limit of force detection is far lower than the force
between atoms at lattice distances.
The first and most important extension of the STM was the atomic force microscopy
(AFM), invented in 1986 by Binnig, Quate, and Gerber.21 In this instrument, the tip height is
controlled in such a way that the force between tip and sample is constant. While the use of
the STM is restricted to conducting surfaces, the SFM is in principle capable of determining
the topography of any surface, conducting or not. Based on the assumption that forces
between the atoms at the tip apex and the atoms of the surface determine the resolution of this
instrument, it is commonly called the AFM.22
Here is described a short review of the relevant forces acting between tips and
sample. This interaction range of the different types of force is great important for force
microscopy, since different parts of the tip and cantilever differently to the total force which is
measured. Van der Waals forces act between the mesoscopic tip end and the surface, while the
electrostatic force can originate from the whole cantilever. This is in contrast to STM, where
contributions of the outermost atoms of the tip dominate the tunneling current due to the
exponential decay with distance. The tunneling current corresponds to short-range chemical
forces, which can give atomic resolution in force microscopy. However, long-range van der
Waals and electrostatic forces are always taken into account in force microscopy, even though
they may not be any interest for the actual measurement. For example, the typical situation in
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contact mode is determined by equilibrium between the attractive long-range forces and the
repulsive short-range forces, where only the latter provide good resolution. The total atomic
force is approximated with the following Laennard-Jones type potential equation;
812 //4 rrrU . (1.3.1)
The relation between the atomic force and the distance between tip and sample shows that the
attractive force is worked in the long-range and the repulsive force is worked in the
short-range. It is known that AFM can detect almost 10-15 N at room temperature (10-18 N at
ultralow temperature) because the force worked on single atoms are much stronger than the
limitation of AFM, such as 10-7 N (ionic bond), 10-11 N (van der Waals force), and 10-12 N
(short-range force).
Several modes of operation have been introduced in force microscopy, with a variety
of names describing their characteristic features. These operational modes can be divided into
the following three types; Contact mode, Tapping mode, and Non-contact mode. The
characteristics of these operation modes are described in Table 1.3.1.
Table 1.3.1. Comparison of three operation modes of scanning force microscopy.
1.3.2 Outline of Magnetic Force Microscopy
Magnetic force microscopy (MFM) is a type of non-contact operation mode of
scanning probe microscopy that produces a magnetic field image of a sample surface.23- 30 The
magnetic imaging with MFM is characterized by a fairly high resolution on a 10-nm scale in a
simple operation under ambient conditions. The first experiments to measure the forces
between a ferromagnetic sample and a tip that carries a permanent magnetic moment were
performed31-35 shortly after the invention of the scanning force microscope. Most of this
Contact mode Tapping mode Non-contact mode
Force detection mode
Lateral resolution
Force worked on sample
Friction force
Observation of
Stability of observation
Sensitivity and
note
response speed
strong weak weak
strong none none
applicable for
friction force microscopy
applicable for
magnetic force microscopy
surface potential microscopy
0.2 - 1 nm 1 nm 5 - 10 nm
soft sample
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preliminary work was devoted to imaging written bit structures in magnetic recording
materials and to investigating the contrast mechanism.36,37 Since then,
magnetic-field-mediated forces have been measured on a variety of samples such as recording
media, paramagnetic materials, superconductors, semiconductor nanoparticles. As a
consequence, MFM has become one of the most widely used magnetic imaging techniques in
the last two decades.
MFM is very closely related to AFM except that it is equipped with a ferromagnetic
probe. The MFM ferromagnetic probe detects the local magnetic interaction between the
probe and the micro-magnetic field from a sample on the substrate. Separation of the surface
topography and magnetic contrast is a practically important issue especially when scanning a
rough surface such as the particle-arranged surface. The lift mode technique developed by
Digital Instruments, Inc., is efficient for the complete image acquisition. The first scan is in
the tapping mode to recognize the surface or the shape of the sample, i.e., AFM observation
with the ferromagnetic probe. After lifting the probe to a certain height (e.g., 20 nm), which
can be selected as desired, the second scan along the known trajectory above the same area
applies the non-contact mode, and the magnetic gradient of the sample is detected by
measuring the deflection of the cantilever equipped with the ferromagnetic probe in the
oscillating mode of the MFM operation (Figure 1.3.2). During the second scan, the van der
Waals force and electrostatic force between the probe and the sample almost disappears and
the probe mainly responds to the magnetic force.
Figure 1.3.2. Schematic illustration of the magnetic force microscopy operation.
In order to image the magnetic tip-sample interaction as a function of the x and y
position, the tip is scanned at a tip-sample distance that remains large enough to avoid strong
non-magnetic tip-sample forces. In the non-contact oscillation mode during second scan, the
force derivative acting on the tip is deduced from a change in the oscillation properties of the
cantilever, such as shifts in the phase, oscillation amplitude, or resonance frequency. For
amplitude detection, the drive frequency of the cantilever is set slightly higher or lower than
its resonance frequency and variations in the oscillation amplitude are tracked while scanning
4 5
1 23 Lift
Tap
Sample
Substrate
Magnetic active spot
AFM image
MFM image
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across the sample surface. If an attractive force between the probe and the sample detected,
the resonance curve of the cantilever shifts toward a lower frequency. Phase detection, which
measures the phase lag of the cantilever oscillation relative to the piezo drive, provides
images with a better signal-to-noise ratio and less contamination of topographic data
compared to amplitude detection. Frequency modulation detection, which directly tracks
frequency variations by keeping the cantilevers phase lag at 90 degrees, also has features of
an improved signal-to-noise ratio and independence of the cantilevers quality factor.  
The resonance frequency shift due to the magnetic tip-sample force can be calculated
using equation (1.3.2).
2
0 0
0
sinsin1 dttAztFAk
f
f
zB . (1.3.2)
Here, f0, kB, A, , Fz, and t represent the resonance frequency of a free cantilever, Boltzmann
constant, amplitude, drive frequency, z-directional magnetic force, and distance between tip
and sample, respectively. In the limit of small frequency shifts ( f « f0) and assuming that the
force derivative is constant within the tip-sample distance range covered by the oscillation of
the cantilever, the calculation of the frequency sift simplifies to
z
F
kf
f z
L2
1
0
, (1.3.3)
where kL is the force constant of the cantilever. Note that the force derivative can easily be
determined from the measured frequency shift if equation (1.3.3) holds. Relationships
between magnetic force and phase shift in the phase mode are represented to the following
equations (1.3.4).
z
F
k
Q (1.3.4)
Details about evaluation of magnetic force with MFM are described in the next section.
1.3.3 Evaluation of Magnetic Force with Magnetic Force Microscopy
First, a mechanism of detecting magnetic response with MFM is briefly described.
Magnetic stray filed operates upon a magnetized probe to attract or repulse it to or from the
sample surface. At that time, the resonance frequency of the probe, which is freely oscillating
in air, is changed with the magnetic field to shift the amplitude, phase, or frequency of the
cantilever. Magnetic image is obtained based on the shift of parameters.
Magnetic potential energy E of a probe is given as follows by approximating its
magnetic dipole moment m by m = (0, 0, m) (Figure 1.3.3). As a stray field H of a sample is
ascribed to be H = (Hx, Hy, Hz), magnetic potential energy at an arbitrary position (x, y, z) is
expressed in an equation (1.3.5),
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E = m·H = m·Hz(x, y, z). (1.3.5)
As the probes vibrational degree of freedom is only z-direction, magnetic force gradient G
worked on the apex of the probe is described as follows.
2
2
z
HmG z . (1.3.6)
Figure 1.3.3. Schematic illustration of magnetic field between a MFM tip and magnetic sample.
The quantitative evaluation of magnetic force detected by MFM has been
investigated by many groups,38-47 particularly by H.-J. Güntherodts group who proposed a 
transfer-function approach48,49 and E. F. Wassermanns group who calculated magnetic force 
by dealing the magnetic moment of a probe with monopole instead of usual dipole.50-53
1.3.4 Recent Development of Microscopes for Detection of Magnetism
Recently, not only MFM but also other various types of microscopes have been
developed for analyzing nano-scale magnetic property of a sample. Among them, Magnetic
Resonance Force Microscopy (MRFM) and Spin Polarized STM (SP-STM) are representative
example.
Magnetic Resonance Force Microscopy (MRFM)
MRFM is a new technique combining scanning probe microscopy (SPM) and
magnetic resonance imaging (MRI), and is based on the measurement of the magnetic force
acting between a magnetic tip and resonantly exited spins in the sample. In their initial
proposal, Sidles et al. demonstrated that mechanical detection has the potential of increased
sensitivity and higher resolution compared to inductive methods.54 Due to the magnetic
moment of the probing tip, the magnetic field is inhomogeneous. Therefore, only thin slice of
the sample has the correct local field B0 to fulfill the magnetic resonance condition
srfzyxB /),,(0 , (1.3.7)
where, rf is the rf frequency and s is the gyromagnetic ration of the spin. The force is given
by the magnetic gradient Bz/ z of the tip and the oscillating magnetization of the sample
z
x cantilever
sample
m
H
oscillation
magnetic domain
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mz(t):
z
zBtmtF z
)()()( , (1.3.8)
where the sample magnetization can be varied by suitable modulation schemes of the rf
frequency. The detectable minimum force Fmin is determined by the following equation:
QvTkkF rfB /4min , (1.3.9)
where, k, T, Q, and v express spring constant, temperature, quality value of the cantilever,
and detectable band.
The first experiment was realized by Rugar et al.,55 where the electron spin resonance
of micrometer-sized crystallites of diphenylpicrylhydrazil (DPPH) was exited and oscillating
force signals were detected. Later the imaging technique was developed with field gradient of
a few G/ m, where lateral and vertical resolution was achieved in the m range.56,57 The
method was also applied to the detection of nuclear magnetic resonance, where cyclic
adiabatic inversion was used because of the long excitation times.58 Recently, the high
sensitive detection (< 10-18 N) of magnetic resonance force has been demonstrated to detect a
single spin.59-62
Spin Polarized STM (SP-STM)
STM can yield information about magnetic properties by the used of spin polarized
tunneling. The spin-valve effect, which was investigated for planar tunneling junction,
predicts that the tunneling current depends on the relative orientation of the magnetic moment
of the tunneling electrodes. That is to say, measurement of a tunneling current between a STM
tip and a sample after flipping the spin polarized state in a tip or a sample, a spin polarized
state of sample can be revealed.63
Wiesendanger et al. have explored the spin-valve effect with CrO2 tips on a
antiferromagnetic Cr(001) surface. They operated the STM in constant current mode and
found alternating step height, which were related to the antiferromagnetic structure.64 In these
early experiments, however, it is difficult to separate the topography and spin dependent
contrasts. Bode et al. studied the Gd(0001) surface with Fe tip by spectroscopy. Gd(0001) has
an exchange-split surface state and the Fe tip was assumed to have a constant spin
polartization.65 Using local scanning tunneling spectroscopy, the surface states were clearly
identified and showed an asymmetry when the magnetization of the sample was switched by
an external field.
In summary, SP-STM has been established under ultrahigh vacuum conditions.
Tunneling spectroscopy, modulation of the magnetization or the combination of tunneling
with optical techniques are methods for disentangling topography from the magnetic
information. Though SP-STM is still a laboratory technique, in future, SP-STM might become
an important tool to study the ultimate limits of limits of magnetic storage devices or the
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optimization of giant magnetoresistance.
Other microscopes for detection of magnetism
There are several microscopes for detecting microscopic magnetism rest of MFM,
MRFM, or SP-STM. For example, Exchange Force Microscopy (EFM), which detects
exchange interaction between a magnetic sample and a probe or spin-orbital interaction using
AFM system, had been developed by upgrading SP-STM, which can not be utilized for
antimagnetic samples.66 Using a magnetoresistance device as a probe gave Scanning
Magnetoresistance Microscopy (SMRM), which can measure magnetic field with high spatial
resolution and high magnetic filed resolution.67 Besides, Lorenz-Force Microscopy (LFM)68
and Electron Holography Microscopy (EHM),69 which utilize the phenomena that
transmission electron or its phase polarized with magnetic field. In addition, measurement of
microscopic magnetism using scanning electron microscope (SEM) is also attempted. Spin
Polarized SEM (SP-SEM) is a SEM to analyze magnetic field by detecting polarized vector of
secondary electrons with spin detector.70,71 Table 1.3.2 is a complication of microscopes
measuring magnetic properties.
Table 1.3.2. Comparison of microscopies measuring magnetic properties.
Method
Optical
Restriction of sample
Thickness Structure
Nondestructive
observation
Obtained Information
Type Quantitativecapability
Resolution
(nm)
Microscopy
Bitter Method
Karr effect
Faraday effect
X-ray
Microscopy
Secondary electron
Transmission electron
Electron
Microscopy
SEM
TEM
Secondary electron polarization
Reflection electron polarization
Bitter Method
Spin polarization
SPLEEM
Lorentz
Holography
SPM
MFM
SNOM
SP-STM
Ferromagnetic Probe
Antiferromagnetic Probe
ca. 500
ca. 100
ca. 30
ca. 1000
ca. 50
ca. 20
ca. 50
ca. 5
ca. 20
ca. 50
< 1
(< 1)
unrestraint
thin film
unrestraint
< 100 nm
unrestraint
unrestraint
unrestraint
< 200 nm
unrestraint
unrestraint
flat plane
unrestraint
unrestraint
flat plane
stray field
magnetization
density of magnetic flux
stray field
stray field
magnetization
magnetization
density of magnetic flux
stray field
magnetization
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1.4 Arrangement of Nanometer-sized Particles on Substrates
1.4.1 Introduction
Colloids are usually referred to as small particles with at least one characteristic
dimension in the range of a few nanometers to one micrometer, dispersed in a different
phase.1,2 Since the pioneer work by Osterwald and Graham more than 140 years ago, colloids
become a subject of extensive research in the context of chemistry, biology, materials science,
condensed matter physics, applied optics, and fluid dynamics.3-11 Driven by the minimization
of interfacial energy, the spherical shape may represent the simplest form that a colloid
particle can easily develop during the nucleation and growth processes. Over the past several
decades, a wealth of chemical routes has been developed to synthesize spherical colloids from
various materials including organic polymers and inorganic materials. Synthetic routes of
polymer nanoparticles and inorganic nanoparticles are described below.
Polymer Particles with Submicrometer- and Nanometer-Diameters
Polymer nano-particles are monodispersed spherical organic grains with a
homogeneous diameter from a few nanometers to sub-micrometers.12-16 Polymer
nano-particles and their suspension (colloid) have been widely used as various industrial
materials, e.g., paints, bonds, foods, gels, cosmetics, and so on. They also have potential use
in sensors,17 magnetic storage media,18 templates for nanostructure formation,19 and photonic
bandgap crystals.20 There are two kinds of strategies to achieve these applications. One
approach is the addition of some extra functions such as temperature sensitivity,21 catalytic
activity,22 or a cavity structure23 to conventional polymer particles. Another approach is the
position control of each particle, called an arrangement of particles on substrates.24-26
Polymer particles are prepared via two routes: One is forming particles during the
polymerization step of monomers, and the other is molding spherical structures using
polymers. The former is more practical for controlling its qualities, and has been widely
studied by various methods, i.e., emulsion polymerization, emulsifier-free emulsion
polymerization, dispersion polymerization, suspension polymerization, and 
mini-emulsion polymerization (Table 1.4.1).27-29
Emulsion polymerization is the polymerization process of oil-soluble vinyl
monomers in aqueous media in the presence of a water-soluble initiator and an emulsifier, that
produce particles with a 5 nm10 m diameter. This process involves the radical
polymerization in a heterogeneous system. The emulsifier forms a spherical micelle of the
hydrophobic oil-soluble monomer, and the radical polymerization proceeds in the micelle
with the attack of the initiator present in the aqueous phase. As a result, the polymer is
quantitatively formed with a high molecular weight, and the particle diameter depends on the
feed ratio of the monomer and the emulsifier, and is in a mono-dispersed state. In addition, the
particle remains in the aqueous media without any phase separation due to its electrostatic
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Table 1.4.1. Overview of various heterophase polymerization techniques
repulsion derived from the surrounding emulsifier. Particles of 0.12 m diameter with
narrow diameter distributions are obtained by the emulsifier-free emulsion polymerization.
This process is applicable to hydrophilic or water-soluble monomers such as acrylic acids or
methacrylic acids. Dispersion polymerization is the polymerization process in an organic
solvent which dissolves only the monomer but not the polymer. This process allows particle
formation from hydrophilic monomers, such as acrylamide or acrylic acid, which are not
suitable for the emulsion polymerization.30 This polymerization provides 120 m diameter
particles with certain particle dispersibility. Polymer particles with a larger diameter (10500 
m) are obtained by the suspension polymerization. An oil-soluble monomer is dispersed in
water with vigorous stirring and is polymerized in its droplet. The diameter of the obtained
particle corresponds to the monomer droplet size in the aqueous media (but with a relatively
broad diameter distribution). Mini-emulsion polymerization has been recently developed as
one type of suspension polymerization. A high-pressure homogenizer or an ultrasonic
homogenizer is used to disperse the monomer droplets into a 100700 nm size. 
Recent researches on the preparation of polymer particles make it possible to provide
various types of particles with the desired diameter and property by selecting the optimal
polymerization process. While larger particles are obtained by the dispersion or the
suspension polymerization, the emulsion polymerization affords small diameter- or
nanometer-sized particles with a narrow diameter distribution. The appropriate polymerization
process is chosen by also considering the monomer properties such as oil- or water-solubility.
Common name Initiator Stabilizer Procedure Prticle size
Preipitation
Suspension
Dispersion
Micro-suspension
or Mni-suspension
Emulsion
Mini-emulsion
Micro-emulsion
lyophobe
lyophil
lyophobe
protective
lyophil
lyophobe
lyophobe
lyophil
lyophil
lyophobe
lyophil
lyophobe
none batch mm range
10-500 mmainly batchpolymeric or
colloid
polymeric batch 1-20 m
polymeric plus
surfactant
all kinds or
none
all kinds
all kinds
batch,
high shear
batch, semibatch
continuous, seed
batch, semibatch
continuous
batch, semibatch
1-10 m
5 nm-10 m
50-500 nm
10-100 nm
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Semiconductor and Metal nanoparticles
Semiconductor and metal nanoparticles with sizes between 1 and 10 nm are also
important nanomaterials that have been actively studied in many fields.31-35 The
semiconductor nanoparticles possess quantum size effect to show unique electrical and 
optical properties. Gold nanoparticles are often obtained as monolayer protected clusters
(MPCs) by the reduction of Au(III) complex in the presence of thiol molecules.36-38 Further
functionalization of the MPCs via ligand place-exchange,39-41 nucleophilic substitution,42 and
ester and amide couplings43 were also reported.
1.4.2 Classification of Particle-Assembled Structures
A great deal of excitement has been generated around the idea of controlled and
ordered arrays of micro- to nanometer-scale particles arranged on surfaces. The ability to the
direct positions of such small objects onto a substrate provides a large advantage in the
creation of molecular- to nanometer-scale devices, biological sensors, combinatorial arrays,
and electronic and photonic devices. For these reasons, a number of approaches have been
investigated which involve the manipulation of colloid systems using electronics,44-49
lithography, dip-coating, physical confinement in etched or molded grooves,50
sedimentation,51-56 capillary forces,57 flow fields,58,59 electrophoretics,60 and microfluidics to
guide specific systems to different region of a surface.
Particle arrangements have been classified into the following four categories: a colloidal 
crystal, monolayer-particle film, particle chain, and particle array dot formation 
(three-, two-, one-, and zero-dimensional arrangements of particles, respectively) (Figure
1.4.1).61 Three-dimensional particle arrangements, the so-called colloidal crystal preparation,
are relatively easily achieved by the simple technique of the self-assembly of particles. The
lower dimensional particle arrangements that are called monolayer particle film, particle chain,
and particle array dot formations become harder with the decreasing dimension of the
arrangements, because the particles have a tendency to aggregate with one another. That is,
the particles are unstable under this situation such that the particles do not contact the other
particles, and the contact points between particles become fewer with the decreasing
dimension of the particle arrangement. In addition, many successful examples have been
restricted to the arrangements using the micrometer-sized particles, and not by using
nanometer-sized particles. The small particles, such as the nano-particles, have a much
stronger attractive interaction among the particles than do the large particles; therefore, the
arrangement of the nano-particles without the particle aggregation becomes more difficult
than that of the micro-particles.
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Figure 1.4.1. Classification of the types of microstructure assembled with fine particles
(Symbol in the figure; O: Ordered, R: Random).
Several approaches have been reported for the arrangement of micrometer-sized
particles by separating the self-assembled particles into individual particles and controlling
each particle position. The methods for the particle arrangement are illustrated in Table 1.4.2.
1.4.3 Methods for Particle Arrangement on Substrates
Colloidal Crystal - Three-dimensional particle arrangement -
It is known for polymer and other nanoparticles that the particles spontaneously
aggregate (self-assemble) with each other to form a bulk colloidal crystal during the 
evaporating process of the dispersion medium, because particles have the minimum
free-energy in the aggregation state. Effective techniques have been reported to form colloidal
crystals with a sufficient size and cubic or hexagonal closest-packing using the polymer
nano-particle without any defects (O-3 in Figure 1.4.1).
First, sedimentation in a gravitational field seems to provide the crudest mechanism
for concentrating a dilute suspension of colloid particles to form a three-dimensional particle
aggregation.62 However, there are a number of disadvantages associated with the
sedimentation method, because it usually takes very long periods of time (weeks to months)
to completely settle submicrometer-sized colloidal particles. In addition, this method provides
very little control over the morphology of the top surface. Electrostatic interactions between
particles, such as the short-range steric repulsive force, the moderately long-range attractive
van der Waals force, and truly long-range Coulomb repulsion, were also utilized for the
fabrication of colloidal crystals.63 Though the method based on repulsive electrostatic
O-3
O-2
O-1
O-0
Colloidal Crystal
Monolayer Particle Film
Particle Chain
Particle Array Dot
R-3
R-2
R-1
R-0
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Table 1.4.2. Typical methods for the particle arrangement on a substrate to form a
colloid crystal, monolayer particle film, particle chain, and particle array dot. 
interactions may represent the most powerful and successful route to the fabrication of large
colloidal crystals, it has a number of strict requirements on the materials and experimental
conditions. For example, stray electrolytes have to be removed from the dispersion medium.
For an other approach, Sato et al. proposed the fabrication of thickness-controlled colloidal
crystals using a substrate-dipping apparatus.64 This method is simple to form random particle
aggregations (R-3 in Figure 1.4.1) on the surface, but it is very difficult to control the particle
assembled structures as the close packing. Whitesides et al. developed a physical confinement
technique to form various random nano-particle aggregates (R-3 in Figure 1.4.1) inside
poly(dimethylsiloxane) micromolds which were conventionally manufactured with a liquid
Method Ref.
Colloidal
Crystal
Monolayer
Particle Film
Particle
Chain
Particle
Array Dot
Dipping and Pulling-Up Process
Colloid Epitaxy Technique (with template)
Microfabricated Substrate +
Dipping and Pulling-Up Process
Utilization of Capillary Force
Self-Assembled
Monolayer (SAM)
-Stamp
UV-Irradiation
Probe Lithography
Utilization of Linear Etchpits
Ink-Jet Printing
Laser Manipulation
Probe Lithography
Substrate Charging
(with Focused Ion Beam)
Microfabricated Substrate +
Dipping and Pulling-Up Process
[88]
[64]
[67,68]
[136]
[90-94]
[95]
[96]
[98]
[99,100]
[101]
[102, 137]
Arranged Form
Pattern
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silicone rubber and a mastermold fabricated by a lithography technique (Figure 1.4.2).65 To
change the particle assembled structure from R-3 to O-3, consistent vibration provided by
sonicator was used to mechanically agitate the system and thus to ensure that each spherical
particle rests at the lattice site represented as a thermodynamic minimum so that no random
packing occurs in the mold. On the basis of particle sedimentation and a micromold technique,
Xia et al. have demonstrated an effective approach that allowed the fabrication of colloidal
crystals O-3 with domain sizes as large as several square centimeters by using fluidic
cells.50,52,66 When grown on the surface of a substrate, the 3D crystalline lattice of particles
usually exhibits an face centered crystal (fcc) structures, with its (111) planes oriented parallel
to the surface of the underlying substrate. To obtain 3D colloidal crystals with other
orientations, it is necessary to use substrates whose surfaces have been patterned with
appropriate arrays of relief structures. Xias group67 and Matuo et al.68 often reported a
(100)-oriented colloidal crystal formation in and on the square pyramidal etched pits on
silicon substrate as a template. The key to the success of this approach was to precisely
control the lateral dimensions of and separation between the square pyramidal etched pits.
Figure 1.4.2. Schematic image of polystyrene colloidal crystals formed with
micromolds.
There have also been reports about electrical assembly of colloidal crystals. In
general, the particles in a colloidal suspension can be manipulated by applying constant (DC)
or alternating (AC) voltage to electrodes in contrast with the liquid.69 The forces operating on
the particles in such systems are: (1) an electrophoretic force between a particle of charge and
a DC electric field, (2) a dielectrophoretic attraction or repulsion along the gradient of an AC
electric field, and (3) a chaining force due to particle-particle dipolar attraction. External 
electric field can be a tool for rapid and controllable assembly. Electrophoretic attraction can
Micromold
Place on a substrate
Fill channels by
capillary flow
Remove micromomld
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be used efficiently for deposition of multicrystalline layers of particles onto conductive solid
surfaces. The vertical electrophoretic mobility of the spheres can add to the Stokes
sedimentation velocity so crystals can be assembled rapidly from small spheres.70-72 The
field-driven structure formation can also be used to assemble and align colloid crystals. The
particles in electrorheological fluids commonly arrange into three-dimensional body-centered
tetragonal (bct) crystals.73-75 The chaining effect can also be used to induce annealing and
large-scale orientation of colloidal crystals formed by conventional techniques such as
sedimentation. Electrodes situated on the two sides of crystal can orient one of the principal
axes along the field by chaining force. Other types of polymer particle arrangements
extending from the colloidal crystal formation have also been studied by various
techniques.76-79
Monolayer-Particle Film - Two-dimensional arrangements of polymer particles -
A monolayer particle film is formed through a two-dimensional particle arrangement
O-2, which had been extensively studied by applying a kind of patterning mask.80 Three
methods are mainly known to yield the monolayer particle films. Deckman et al. explored a
simple technique, where a monolayer particle film is formed at the air-liquid interface and
then replaced onto a substrate just like the Langmuir-Blodgett method.81 The experimental
conditions, such as particle diameters, particle concentration, hydrophilic/hydrophobic
property of the particle surface, and particle surface charge density, were examined for
large-scale monolayer particle films. Nagayama et al. developed the second method using the
capillary force among particles that remained in the thin liquid layer on a substrate.82 As the
solvent evaporates slowly under well-controlled conditions, the particles are driven by
attractive capillary force to crystallize monolayer particle films. Flat, clean, and chemically
homogeneous surfaces have to be used in order to generate long-range ordered lattice over
relatively large areas. Aksay et al. indicated another method utilizing an electrophoretic
deposition, i.e., a substrate holds charged particles under the strong electric field between an
electrode sandwich).83 Electrophoretic mobility at frequencies below 100 Hz can cause
particle compression and long-range crystallization in highly deionized systems.84,85 Recent
experiment by Velev et al. demonstrated the formation of structures in suspension of latex or
silica nanoparticles subjected to an alternating electric field in a gap above planar electrodes
on a surface.86
Particle Chain - One-dimensional arrangements of polymer particles -
Particle chains, one-dimensional particle arrangement R-1, have been often formed
on the substrates of which surface was patterned with a self-assembled monolayer (SAM)
(Figure 1.4.3). Whitesides and co-workers developed a patterning technique called
micro-contact printing, which was achieved by dipping a micromolded
poly(dimethylsiloxane) stamp into the solution of a SAM forming molecule and pressing the
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micro-stamp on the substrate.87 Koumoto et al. evaluated UV irradiation to reform a SAM
surface. UV irradiation on a phenyltrichlorosilane-SAM through a patterned mask gave the
patterned SAM bearing hydrophobic and hydrophilic regions.88 AFM probes coated with
metals were also applied to the SAM reforming method. Shultz et al.,89 Koumoto et al.,90 and
Liu et al.91 indicated the formation of particle chains on patterned SAMs made by
AFM-reforming. These patterned SAMs were effective for selectively depositing particles on
the designed position with an electrostatic interaction, a hydrogen bond, or a covalent bond.
Furthermore, a nanometer-sized linear particle chain has been realized on a microfabricated
substrate by Ozins group.92 Selectively ordered particle chain O-1 was also reported by Xia
et al. using microfabricated substrate.57
Figure 1.4.3. Particles assembling techniques on a self-assembled monolayer.
Particle Array Dot - Zero-dimensional arrangements of polymer particles -
The arrangement of particles on the lattice points with a constant interval, i.e., the
formation of a particle array dot O-0, involves more challenges and more difficulties. Various
approaches have been reported by many groups (Figure 1.4.4). Ink-jet printing is the 
method being carried out using the conventional equipment. A suspension droplet is injected
from a nozzle that deposits a particle on the target position using a computer-controlled ink-jet
printer. This recent technology makes it possible to deposit a ca. 10 m diameter particle with
a 20 m pitch.93 The gas-jet deposition process is a similar technique using an aerosol and a
gas stream instead of the droplets and inks.94 These two processes have the advantages of
being high-speed driving processes with no limitation to substrate species. The manipulation
of particles is one of the most ideal techniques for arranging particles on a desired position.
Particle arrangement by laser manipulation has been advocated by Kawata et al. It is known
that a particle located on a tightly focused laser beam is attracted to its focal point; therefore,
the particles can be transferred by the laser movement.95 Manipulation with a microprobe has
also been reported by several groups. Dip-pen nanolithography was developed by Mirkins 
group. A molecule-coated microprobe was scanned on a substrate to transport the molecule
through a liquid meniscus. Mirkin et al. showed the organic-patterned surface with a 15 nm
SAM pattern
Photo mask
UV irradition Micromold
(Micro stamp)
AFM probe
Patterned particles
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line-width and a 5 nm spatial resolution.96 This technique was applicable for arranging not
only such molecules but also particles on a substrate.97 Fudouzi and Shinyas group has 
applied the dot-charged substrate prepared using a focused ion beam for a site-controlled
particle deposition (electrophotography method).98
The processes described above require some equipment to realize the particle
arrangements. On the other hand, a template-assisted procedure is simple and feasible without
any special equipment. Microfabrication techniques of silicon substrates are described below.
Xia et al. reported the deposition of a micrometer-sized particle on a similar-sized pit which
was recessively formed on a substrate as a template.99 They fabricated a fluidic cell that
consisted of a patterned photoresist and small channels between the two glass substrates, and
formed a particle array dot and micro-particle aggregates such as a snowman-shaped,
six-membered ring shape, chiral particle chain, and so on.100-103
Figure 1.4.4. Particles assembling techniques with gas jet deposition, ink jet deposition,
electrophotography method, and dip-pen nanolithography.
Microfabrication of Silicon Substrate
Silicon is extensively used as a semiconducting material in the industrial world, and
as a result, microfabrication processes of silicon substrates have extensively progressed and
been established. Recent silicon microfabrication technology allows the production of
high-performance silicon semiconductor devices, which possess a significant number of a few
dozen nm-sized integrated circuits.104-106 The author now briefly describes a conventional
microfabrication technique of silicon and a series of processes of the microfabricated silicon
substrates often used for particle arrangements.
The microfabrication process generally involves a cleaning, thermal treatment, 
Gas jet deposition Ink jet deposition
Electrophotography method
Dip-pen nanolithography
Nozzle
Charge pattern
Molecule-coated
AFM tip
Focused ion beam
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impurity-doping, thin film deposition, and lithography.107,108 The cleaning process is
applied to both the lithography and etching steps to remove organic and metal contaminations
on the substrate surface. There are two processes, i.e., a wet process using a so-called
chemical bath composed of the solution of H2SO4, HCl, NH4OH, HF, H2O2, or their
combinations, and a dry process using a plasma irradiation in an oxygen atmosphere.
For example, a commercially available Si(100) substrate is cut into a 10 mm
square-shape, and was washed with an aqueous H2SO4/H2O2 mixture and then with a dilute
HF aqueous solution to remove away contamination and oxidation layer on the surface. The
subsequent process is a thermal treatment to form a well-defined SiO2 layer, which is used as
a gate insulator in a metal-oxide-semiconductor field effect transistor. After cleaning the
substrate, a 12 nm-thick SiO2 layer was formed on the silicon substrate by placing the
substrate in a furnace for 10 min at 950oC in an oxygen atmosphere. The impurity- doping
means the infusion of B, As, P, etc., ions into the silicon substrate to provide electronic
characteristics to the silicon substrate. This impurity-doping is not necessary for the
microfabrication of the silicon substrate to be utilized for the particle arrangement. The
lithography process is the key step for the surface microfabrication and consists of the resist
spreading, the exposure, the development, the pattern etching, and the resist removal
processes. For example, a positive-type photoresist resin, such as the
diazonaphthoquinone-substituted novolac polymer (Zep-520, Nihon Zeon Co.), is spin-coated
with a thickness of 300 nm on the SiO2 surface of the silicon substrate. The resist
polymercoated silicon substrate was patterned upon electron beam exposure (Hitachi
modified S-4200SE SEM combined with Tokyo Technologys lithography system).  After 
etching the SiO2 layer with the HF aqueous solution through the patterned resist polymer
mask, the silicon substrate was cleaned by oxygen plasma etching and chemical washing to
sweep away the remaining resist and other contaminations. Finally, the substrate was treated
with the NH4OH/H2O2 aqueous solution to modify the substrate surface into a
hydrogen-terminated silicon or a hydrophobic surface.
1.4.4 Application of Arranged Micro- and Nano-particles
Arranged micro- and nano-particles are attempted to a large numbers of applications
utilizing the self assembled structures. The three-dimensional particle arrangements, colloidal
crystals, are well-known to show structural colors, which are caused their three-dimensionally
periodic lattices of particles that are colorless by themselves. As a matter of fact, recent
studies on the optical properties of these materials have now evolved into a new active, and
exiting field of research that is usually referred to as photonic crystals or photonic bandgap 
(PBG) structures. A photonic bandgap crystal is a spatially periodic lattice made of materials
having different dielectric constants.109,110 Most recently, crystallization of colloids has been
explored by many groups as an alternative route to the fabrication of PBG crystals.111 A PBG
crystal can influence the propagation of electromagnetic waves in much the same way as a
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semiconductor does for electrons, that is, there exists a bandgap that can exclude the passage
of photons of a chosen range of frequencies. It thus provides a convenient and powerful tool
to confine, control, and manipulate photons. Though there is strong desire to obtain a
complete bandgap around 1.55 m  the wavelength now used in optical fiber 
communications, it still remains as a challenge.
Embedding of colloidal crystals into solid matrices is also expected to apply to the
fabrication of smart optical sensors. In general, colloid crystal diffracts light of specific
wavelength according to the Bragg equation: m· = 2·n·dhkl·sin . This equation indicates that
the wavelength of diffracted light is directly proportional to the interplanar spacing dhkl and
mean refractive index n. As a result, a 3D colloidal crystal can serve as an optical sensor
capable of displaying and measuring environmental changes, such as solvents, pH, and
ions.112-116
The nano- or meso-porous materials obtained from the embedded colloidal crystals
have also been studied for applications to a scaffold of catalysts and reaction sites.117 Such
porous material was made as follows using colloidal crystal as a template: The voids between
colloidal particles of crystalline lattice were infiltrated with sol-gel precursor that can be
solidified in the next stage. Subsequent removal of polymer nanoparticles embedded with
silica led to the formation of highly ordered and interconnected 3D porous structures.118-120
These materials are also known as inverse opal, and all of them are characterized by an fcc
lattice of air balls that are interconnected in three-dimensional space.
In addition to the use as PBG materials, arranged particles have been extensively
explored for many other intriguing applications. For example, two-dimensional (2D) crystals
of micro- and nano-particles have been successfully demonstrated as arrays of microlenses in
image processing121 and photolithography;122 as physical masks for evaporation or reactive
ion etching to fabricate regular arrays of micro- or nanostructures.123
Nanoparticles have also been utilized for electric applications. In the last few years,
technologies based on colloidal particles have provided an alternative to liquid crystal
displays as a means for displaying graphical information. The breakthrough has been the
development of electrophoretic ink for electric paper.124 This ink is made from thousands 
of capsules 30-300 m in diameter, incorporating suspension of white and black
microparticles in the size range of 1-5 m. The white and black particles carry opposite
charges and can be separated to the opposite sides of capsule by application of an electric
field.125,126 Other electric applications with nanoparticles, such as a photonic paper,127
rectifying diods,128,129 LEDs,130-132 and photovoltaic cells,133-135 have been reported.
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2.1 Introduction
There has been considerable interest in synthesizing nanometer-scale magnetic
materials from purely organic molecules because they are expected to have unusual and
unprecedented properties not shown by conventional magnetic materials.1-5 Organic radical
polymers bearing a large number of unpaired electrons have been extensively researched as
the nanometer-sized magnetic material.6-9
The magnetic properties of a series of organic radical polymers have been reported
using various measurements including an electron spin resonance (ESR) spectrometer and a
superconducting quantum interference device (SQUID). Recently, the authors group has 
applied magnetic force microscopy (MFM), one of the scanning probe microscopes used to
investigate nanometer-sized magnetic materials, to the organic radical polymers.10-12
Advantages for its magnetic imaging include a fairly high resolution on a 10-nm scale and a
simple operation under ambient conditions without any special sample preparation.13,14
Therefore, MFM can provide detailed magnetic information on a single organic radical
molecule, unlike other conventional magnetic measurements that evaluate the macroscopic
property of a bulk sample. However, a quantitative discussion of the MFM images has not
been completed; while inorganic materials have been quantitatively measured with MFM to
reveal domain structures, local magnetizations, and soft magnetism.15,16
In this chapter, an MFM study of organic radical polymers is quantitatively discussed,
for the first time, by comparing the local magnetization of a single organic radical molecule
which was calculated from the MFM image and estimated by a conventional method. As a
standard specimen for the quantitative MFM study, the author designed and prepared a
dendrimer17-21 combining radicals at the terminals which possesses a constant molecular size
and a fixed number of unpaired electrons per molecule. Based on careful consideration of the
molecular size and the number of unpaired electrons, 3-carboxy-2,2,5,5-tetramethyl-
1-pyrrolidinyloxyl (3-carboxy proxyl) radical and 4th generation (G4) poly(amidoamine)
(PAMAM) dendrimer with 64 amino terminal groups were combined to yield the
radical-terminated dendrimer.
2.2 Synthesis of Proxyl Radical-terminated Dendrimers
The proxyl radical-terminated dendrimer was synthesized via the coupling reaction
of the amino-terminated PAMAM dendrimer and the 3-carboxy proxyl radical activated with
N-hydroxy succinimide, 1-hydroxypyrrolidine-2,5-dione, in the presence of 1H-benzotriazol-
1-yloxytris(dimethylamino)phosphonium hexafluorophosphate (BOP) or 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) as the coupling reagent (Table
2.1), based on the previous reports.22,23 A series of proxyl radical-terminated dendrimers with
a different number of unpaired electrons per molecule (n), for example n = 19, 42, and 63,
were prepared. The number of unpaired electrons or the number of radical groups per
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molecule was determined on the basis of the SQUID and 1H-NMR data (Figure 2.1). The IR
and ESR results also supported the formation of the proxyl radical-terminated dendrimers.
Table 2.1. Synthesis of the proxyl radical-terminated dendrimera
Figure 2.1. 1H-NMR spectra of (a) the precursor dendrimer and (b) the proxyl
radical-terminated dendrimer (n = 63, quenched with phenylhydrazine) in CD3OD.
2.3 Atomic and Magnetic Force Microscopy Images of Radical Polymers
A diluted methanol solution (10-4 wt %) of the proxyl radical-terminated dendrimer
(n = 63) was dropped on a freshly cleaved mica substrate and dried under vacuum. The single
molecular image was obtained by atomic force microscopy (AFM) as monodispersed,
randomly distributed, and dome-shaped dots with a 16.9 ± 1.6-nm diameter and 0.5 ± 0.11-nm
2
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30
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0.3
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aAll systems were reacted in DMF at r.t. under N 2 atmosphere.bBOP:1H-benzotriazol-1-yloxytris(dimethylamino)
phosphonium hexafluorophosphate, EDC:1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride. cNumber
of unpaired electrons per molecule (n) was determined on the basis of SQUID and 1H-NMR data.
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height. The size of the proxyl radical-terminated dendrimer was slightly larger than the
precursor dendrimer (diameter: 13.3 ± 1.9 nm and height: 0.4 ± 0.08 nm) due to the
introduction of the bulky proxyl radicals (Figure 2.2).
MFM was subsequently applied to the same samples for the AFM; MFM
measurements were performed using a probe thinly coated with a ferromagnetic CoCr alloy.
The interleaved MFM scan (second scan) in the same area as the AFM scan (first scan) was
carried out in a non-contact lift mode using a phase detection method. The MFM image of the
proxyl radical-terminated dendrimer (n = 63) is shown in Figure 2.3. Magnetic responses in
the MFM image were exactly detected at the molecular positions given by the AFM image.
On the other hand, such a magnetic response could not be detected for the precursor PAMAM
dendrimers.
Figure 2.2. Typical AFM and corresponding cross sectional images of (a) the precursor
dendrimer and (b) the proxyl radical-terminated dendrimer (n = 63)
Figure 2.3. (a) AFM and (b) MFM images of the proxyl radical-terminated dendrimer (n
= 63).
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The authors group has published several papers about the MFM measurements of
organic radical polymers and determined that these magnetic images are derived from the
polyradicals. The author now states the assumed mechanism of how the MFM detects the
magnetic response of the radical molecules. In this MFM measurement, there was no external
magnetic field, such as a magnet to hold the sample, except for the ferromagnetic probe.
When a ferromagnetic probe approaches a radical molecule, the radical molecule is
magnetized by the ferromagnetic probe, which possesses a sufficient magnetization to
magnetize a radical molecule because it locates so close to the sample (Figure 2.4(a)). An
attractive magnetic interaction occurs between the ferromagnetic probe and the magnetized
radical molecule (Figure 2.4(b)).
Figure 2.4. Schematic illustration of an assumed mechanism how to detect the magnetic
response of a radical molecule with MFM.
Correlation between the unpaired electron and the MFM image was studied using
several proxyl radical-terminated dendrimers with different numbers of unpaired electrons.
Figure 2.5(a) shows the AFM/MFM images and corresponding cross sectional profiles of the
proxyl radical-terminated dendrimers with n =19, 42, and 61. The MFM vertical scale
(magnetic response intensity) in the image of each dendrimer molecule correlated to the
number of unpaired electrons; the MFM intensity increased with n. The plots of the MFM
intensity vs. the number of unpaired electrons per molecule produced a proportional
relationship (Figure 2.5(b)).
Figure 2.5. (a) AFM/MFM images and the corresponding MFM profile of the proxyl
radical-terminated dendrimers with the number of unpaired electrons n = 19, 42, and 61.
(b) Plots of the MFM intensity vs. the number of unpaired electrons per molecule (n).
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2.4 Evaluation of Local Magnetization with Magnetic Force Microscopy
The author now describes a trial to quantitatively evaluate the magnetic moment of
the proxyl radical-terminated dendrimer from its MFM intensity. Among several
electromagnetic systems, all the calculations were executed with the SI system.
In this MFM experiment in the phase detection mode, the relationship between the
magnetic force (F [N]) and the MFM intensity ( [rad]) is described by the following
equation,
Q
k
z
F (2.1)
where z, k, and Q are the distance between the probe and the sample [m], the quality factor [-],
and the spring constant [N/m], respectively. The quality factor of a standard MFM probe is
known as the constant value of 125[-], and the spring constant of the MFM probe was
determined to be 0.2654 [N/m] using the probe calibration method. The MFM intensity in the
cgs system (degree) was converted to the SI system (rad). The distance between the sample
and the probe, which is oscillating during the MFM interleave scan (Figure 2.6), is
determined by equation 2.2 expressed as shown below. Here, the oscillation width in the main
tapping Amain, the oscillation width in interleave tapping Aint., total height, and the minimum
distance between the probe and the sample DS-C are estimated with the tunable or stated
parameters (Setpoint, Sensitivity, lift scan height, and RMSint.).
2/1
.int
2.int Adxxz
AD
D
CS
CS
(2.2)
Figure 2.6. Schematic illustration of the main tapping (AFM) and the interleave tapping
(MFM).
In this MFM experiment, the author set the parameters which gave Amain and DS-C
values of 38 and 5 nm, respectively. The magnetic forces estimated from the MFM intensities
of the proxyl radical-terminated dendrimers with a number of unpaired electrons per molecule
n = 19, 42, 52, and 61 are listed in Table 2.2.
Amain
Amain/2
Aint.
Ds-c
Total height
Main Tapping Interleave
Lift scan
height
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Table 2.2. Magnetic forces worked between the proxyl radical-substituted dendrimers
and the ferromagnetic probe at room temperature.
Within the point magnetization approximation at the tip of the probe and the center of
the sample, the magnetic force F is also expressed as a function of the magnetic moment m
and the magnetic field H, F=(m·grad)H, that is
zzyx Hz
m
y
m
x
mF (2.3)
where Hz is the z-directional magnetic field of a probe operated by a sample, and mz
represents the z-directional magnetic moment of a probe. When a probe locates just above a
sample, equation 2.3 is converted into the following equation:
z
HmF zz . (2.4)
Using equations 2.1 and 2.4, the author obtained the function of the magnetic intensity ,
2
2
z
Hm
k
Q z
z . (2.5)
In addition, there are the following relationships between the magnetic field Hz and
the magnetic moment Mz,
2
0
1
4 zz
M
z
VH zzz 2
04 z
MV zz (2.6)
where Vz and 0 are the magnetic potential and the magnetic permeability in air, respectively.
Finally, equation 2.6 is substituted for equation 2.5 to produce the following equation:
5
0
6
zk
MQm zz (2.7)
In equation 2.7, the magnetic permeability in air o, the distance between a probe and
a sample z, the quality factor Q, the spring constant k, and the magnetic moment of the MFM
probe are all known or determined by MFM measurements to be 16 ·10-7 [Wb2/N·m2], 11.5
[nm], 125 [-], and 0.2654 [N/m], 4 ·10-23 [Wb·m], respectively. The magnetic moment of
[degree]
1.3
0.34
1.6
0.42
0.78 0.95
Magnetic
force (F)
1.1 1.3
[10-2 rad]
2.3
0.59
1.4
1.9
Magnetic intensity ( )
[pN]
61
19
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52
Number of
unpaired electrons
per molecule (n)
Entry
4
1
2
3
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each proxyl radical-terminated dendrimer with a different number of unpaired electrons per
molecule was calculated using the corresponding MFM intensity and equation 2.7 to give the
values in Table 2.3. The magnetic moments of the proxyl radical-terminated dendrimers were
also estimated using the theoretical magnetic moment of one single radical spin, the Bohr
magneton ( B = 1.17×10-29 [Wb·m]) and the number of unpaired electrons determined by the
SQUID data. Multiplication of each number of unpaired electrons and the Bohr magneton
gave the magnetic moments estimated using the conventional measurements (Table 2.3).
Good agreement of the values calculated by the MFM measurement with the conventionally
estimated ones indicates that the local magnetization of the organic radical molecules can be
evaluated with the MFM image.
Table 2.3. The MFM intensity and the magnetic moment of the proxyl
radical-terminated dendrimer
In conclusion, the proxyl radical-terminated dendrimers with different numbers of
unpaired electrons per molecule were prepared and evaluated with the MFM. A quantitative
discussion of their MFM images revealed that MFM is an efficient tool to evaluate the local
magnetization of organic radical polymers.
2.5 Experimental Section
Synthesis of proxyl radical-terminated dendrimer (Table 2.1, Entry 5). To a solution of
3-carboxy-2,2,5,5-tetramethyl-1-pyrrolidinyloxyl (3-carboxy proxyl, 0.279 g, 1.5 mmol) in
1.5 ml of dehydrated DMF were added 1-hydroxypyrrolidine-2,5-dione
(N-hydroxysuccinimide, 0.207 g, 1.8 mmol) and 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC, 0.327 g, 1.8 mmol). The mixture was stirred for 1 h at 0oC
and stirred for 24 h at r.t. under a N2 atmosphere to yield the activated ester. A dehydrated
DMSO solution (3 ml) of the amino-terminated poly(amidoamine) (PAMAM) dendrimer (G4,
core: diaminoethane, 0.30 mmol amino groups) was added to the mixture solution, and stirred
for 30 days at r.t. under a N2 atmosphere. The crude product was purified by dialysis using a
dialysis membrane (molecular weight cut off: 1000, Spectrum Laboratories, Inc.) in DMF
three times and in methanol three times to remove the excess proxyl radical and coupling
reagent. The solution was poured into diethylether, and the precipitate was filtrated with a
MFM
intensity (
[degree]
61 1.3 0.1 7.0
4.9
19 0.34 0.02
6.4
1.7
42 0.78 0.05 3.8
Magnetic moment (Mz)
2.3
52 1.1 0.08 6.05.4
MFMa
±
±
±
±
[10-28 Wb m] [10-28 Wb m]
aThe magnetic moment of radical molecule was calculated with MFM data. bThe magnetic
moment of radical molecule was estimated with SQUID data and Bohr magneton.
Number of
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per molecule (n)
Entry
4
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3
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PTFE membrane filter (Millipore, Inc.) to afford the proxyl radical-terminated dendrimer as
an orange sticky solid (yield 83%). IR (KBr pellet, cm-1): 1655 (amide, C=O), 1560 (amide,
N-H), 1383 ( N-O). 1H-NMR (CD3OD added with phenylhydrazine as radical quencher, 500
MHz,; ppm): = 3.24 (br, 350H, >NCH2CH2NHCO-), 2.71 (br, 248H, -NHCOCH2CH2N<),
2.54 (br, 193H, >NHCH2CH2NHCO-, -CH<), 2.30 (br, 253H, -NHCOCH2CH2N<), 2.05 (m,
60H, -CH2-), 1.62 (m, 59H, -CH2-), 1.19 (s, 178H, -CH3), 1.13 (s, 174H, -CH3), 1.06 (s, 173H,
-CH3), 0.94 (s, 181H, -CH3). SQUID (Curie plots of solid sample): Number of unpaired
electrons per molecule n = 63. ESR: g = 2.0056. Proxyl radical-terminated dendrimers with
different numbers of unpaired electrons per molecule were also synthesized (Table 2.1).
Instruments. The number of unpaired electrons per molecule was determined from the slope
of the Curie plots of the magnetic measurement using a Quantum Design MPMS-7 SQUID
magnetometer. The ESR spectra were taken using a JEOL JES-TE 200 ESR spectrometer,
which was calibrated with an external standard of Mn2+/MgO (g = 1.981), and a JES-LC-01
ESR tube (for high-dielectric solution). The 1H-NMR and IR spectra were measured using a
JEOL Lambda 500 and a JASCO FT/IR-410, respectively.
AFM Measurement. The tapping-mode AFM experiments were performed using a
Nanoscope IIIa MultiMode AFM/MFM microscope (Digital Instruments, Inc.). The cantilever
used in the AFM experiment was a commercial one (Nanoprobe SPM Tips type RTESP) with
a length of 125 m, a spring constant of 20 N/m, and a frequency resonance of ca. 280 kHz.
Dendrimers dropped on mica substrates were normally observed as a mixture of single
molecules and aggregates. The diameter of a single molecule was measured as a half-value
width of each AFM cross sectional image. The sizes of the dendrimers were determined as the
average value of more than 50 single molecular dot images.
MFM Measurement. The MFM experiments were performed using a Nanoscope IIIa
MultiMode AFM/MFM microscope (Digital Instruments, Inc.) The cantilever used in the
MFM experiment was a commercial one (Nanoprobe SPM Tips type MESP) containing a
probe thinly coated with a ferromagnetic CoCr alloy with a length of 225 m, a spring
constant of 0.265 N/m, a frequency resonance of ca. 78 kHz, and a magnetic moment of
4 ×10-23 Wb·m. Separation of the surface topography and magnetic contrast is worked out
using the non-contact lift mode technique. The first scan is the tapping mode to recognize the
surface topography of the sample, that is, AFM with the ferromagnetic probe. After lifting the
probe to a certain height which can be selected as desired upon tuning, the second scan along
the known trajectory above the same area uses the non-contact mode, and the magnetic
gradient of the sample is detected by measuring the amplitude, phase, or frequency shift of the
cantilever oscillation. In this experiment, MFM images were recorded as the phase shift of the
cantilever oscillation (phase detection mode), and bright expression in the MFM images
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(positive MFM intensity) was configured for the attractive interaction between the probe and
the sample. The MFM image was confirmed by the following standard experiment: When the
cantilever driving frequency was tuned from lower to higher, relative to the resonance
frequency in the amplitude detection mode, the MFM image was reversed from the blight
image to the dark image. It supports the fact that the observed MFM image was ascribed to a
magnetic response and not to any noise caused by the surface shape.
The magnetic response intensity of each MFM image was evaluated by the maximum
vertical magnitude of the MFM cross sectional image (profile). The MFM intensity was
determined as the average value of more than 50 single molecular MFM images.
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3.1 Introduction
Recently, there is great interest in the arrangement of a nano-particle (a
nanometer-sized homogeneous particle with a diameter from a few nanometers to
sub-micrometers) on a substrate because of their potential use in sensors, magnetic storage
media, templates for nanostructure formation, and photonic bandgap crystals.1-7 Particle
arrangements are classified into the following four categories: colloidal crystal, 
monolayer-particle film, particle chain, and particle array dot formation (three-, two-,
one-, and zero-dimensional particle arrangements, respectively).8 Several approaches have
been studied to arrange nano-particles on substrates, including laser manipulation,9 ink-jet
printing,10 nanoprobe lithography,11 and a nano-particle arrangement using the substrate as a
template (For the details, see section 1.4).12-14 Among them, the template-assisted procedures
are simple and feasible without any special equipments and techniques. There have been
numbers of reports on the deposition of a micrometer-sized particle upon a similar-sized pit
which was recessively formed on a substrate as a kind of template,12,13 and the coagulation of
numerous nano-particles into the micromold structure on a substrate.14,15 However, to our
knowlegde, an array-like arrangement of nanometer-sized particles on a substrate, that is, the
zero-dimensional nano-particle arrangement, has never been reported. This chapter
describes the selective deposition of polystyrene nano-particles in nano-etchpits, i.e., pits with
a diameter of ca. 100 nanometers formed by a wet-etching procedure on a silicon substrate, by
using a simple dipping and pulling-up process.
In addition, the author applied the same technique to the two-dimensional particle
arrangement. The two-dimensional monolayer-particle films have been widely reported
including its potential application as a mask for lithography.16-19 In these studies, the
monolayered-particle film was formed on the flat surface substrate; therefore, it was difficult
to prepare the two-dimensional monolayer-particle film with the desired size. Besides, the
structure of the monolayer-particle film is fixed only on one specific structure, the
spontaneously forming a hexagonal closest packing structure. The author used the
microfabricated silicon substrates as the templates for the monolayer-particle film to obtain
the films with the desired sizes and structures. In this chapter, submicrometer-sized
polystyrene particle packings within various silicon micrometer-sized recessed patterns and
their packing structures in the patterns are also described.
3.2 Selective Deposition of Polystyrene Nano-particles in a Nanoetchpit Array on a
Silicon Substrate
Silicon nano-etchpit-array (NEPA) substrates were fabricated by a microfabrication
technique.20 Figure 3.1 shows atomic force microscopic (AFM) images of the typical NEPA
substrate, which posesses cylindrical nano-etchpits with a constant interval on lattice points of
the silicon substrate. On the other hand, crosslinked and monodispersed (<10 %) polystyrene
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nano-particles with diameters = 35, 50, 80, 115, and 170 nm and volume density = 1.03 were
prepared by emulsion polymerization using sodium n-dodecyl sulfate as an emulsifier.
Figure 3.1. AFM image (bottom), cross section image (middle) and cross sectional
illustration (upper) of a typical silicon NEPA substrate with the etchpit of 100 nm
diameter, 12 nm depth and 1 m pitch.
The NEPA substrate was dipped in the aqueous suspension (30 ml) of the
polystyrene nano-particles, and then it was pulled up slowly at both a constant speed and a
constant angle ( ) of the substrate surface versus the aqueous suspension surface. This process
provides a capillary force, i.e., an interfacial tension between the hydrophilic SiO2 surface and
water, to push the nano-particle into the etchpit of the substrate (Figure 3.2).
Figure 3.2. Outline of the dipping and pulling-up equipment.
PC
Cappilary Force
SiO2
Si
Polymer Nanoparticle
Motor
diameter depth pitch
SiO2
Si
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Figure 3.3. SEM image of multiple polystyrene nanoparticles (diameter = 115±10 nm)
deposited in one etchpit (diameter = 300±15 nm).
Figure 3.4. SEM images of selective deposition of the polystyrene nano-particle
(diameter = 170±15 nm) into the etchpit (diameter = 130±10 nm, depth = 50±5 nm)
prepared by pulling-up the substrate from the particle aqueous suspension under the
following conditions: (a) polystyrene concentration = 0.2 wt %, pitch of etchpits = 1 m,
pulling-up speed = 20 m/s, and pulling-up angle: 135 o, (b) polystyrene concentration =
0.1 wt %, pitch of etchpits = 500 nm, pulling-up speed = 100 m/s, and pulling-up angle
= 135 o.
(b)
500 nm
(a)
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The first issue for depositing one particle in one etchpit was the relative size of the
particle (guest) diameter (d) and the etchpit (host) diameter (D). Multiple particles were
deposited in each etchpit for D/d > 2. Figure 3.3 shows an example of the deposition of four
or five particles (d = 115±10 nm) in one etchpit (D = 300±15 nm, depth = 100±5 nm). This
result agreed with the calculated values;12,13 four particles in one etchpit for 2.41 < D/d < 2.70
and five for 2.70 < D/d < 3.00. A high deposition yield of one particle in each etchpit was
observed for the combination of d = 170 nm and D = 130 nm where the particle diameter was
slightly larger than the etchpit diameter. Here, the yield is defined as the ratio of the number
of deposited particles in the etchpit versus the total number of the particles. The above
combination of particle and etchpit diameters was used in the following experinent.
The angle, , was the second issue for depositing the nano-particles in a high yield.
As a result of changing from 90o to 150o, = 135o was selected as the best angle to deposit
the nano-particles in etchpits. It turned out that the larger angle was desirable for the selective
deposition of nano-particles in etchpts within 90o < < 135o. However, the particles were
often remained on the SiO2 surface and not in the etchpits (yield ca. 30 %) above the
pulling-up angle of 135o.
Other issues were the particle suspension concentration and the pulling-up speed
which were related to each other. The author found two optimal conditions for the fast pulling
up from a low-particle concentration suspension (100 m/s and 0.1 wt%, respectively) and the
slow speed from a high concentrarion one (20 m/s and 0.2 wt%, respectively). Figure 3.4
demonstrates the selective and quantitative depositions of the polystyrene nano-particles
(without any defects). A 100 %-yield deposition was realized at least in a 20 × 15 m2 region
on the substrate with reproducibility.
3.3 Packing of Submicrometer-sized Polystyrene Particles within the Micrometer-sized
Recessed Patterns on Silicon Substrate
3.3.1 Various Packing Structures of Particles within Patterns
The silicon microfabricated substrates, which have micrometer-sized square,
equilateral triangular, or circular recessed patterns fabricated by the microfabrication
procedure, were used as the template for the two-dimensional polystyrene particle
arrangement. The microfabricated silicon substrate was dipped into the aqueous suspension of
the polystyrene particles, and then it was slowly pulled up at both a constant speed and a
constant angle using the pulling-up equipment. The polystyrene particles were
self-organically deposited and formed particle packing structures within the patterns on the
substrate by a capillary force effect in a meniscus region, where the capillary force (the
gas-liquid interfacial tension between the hydrophilic SiO2 surface and water) works to push
the particles into the recessed patterns and to sweep extra particles from the SiO2 surface (area
outside of the patterns).
The selectivity of the particle deposition in the patterns, which is defined as the ratio
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of the number of deposited particles within the patterns versus the total number of particles
including the particles deposited in the area outside of the patterns, were subjected to the
following experimental conditions: particle size, pattern size, particle suspension
concentration, pulling-up speed, and pulling-up angle. The suspension concentration and the
pulling-up speed were first examined while keeping the other factors constant (particle
diameter: 450±25 nm, side-length of square patterns: 4.0 m, side-length of equilateral
triangular patterns: 3.2 m, diameter of circular patterns: 3.2 m, and pulling-up angle: 135o).
The combination of the pulling-up speed of 10 m/s and the suspension concentration of 0.5
wt% produced an almost 100% selective deposition of the polystyrene particles within the
recessed patterns. Figure 3.5 is SEM images of the particle packing within the square,
equilateral triangular, and circular patterns. Each pattern was filled with polystyrene particles
without any defects. This almost 100% selective deposition of the polystyrene particles within
the patterns were observed over the wide area of 30 × 40 m on the same substrate.
Figure 3.5. SEM images of the polystyrene particles (diameter: 450±25 nm) packing
within the (a) square patterns (side-length: 4.0 m), (b) equilateral triangular patterns
(side-length: 3.2 m), and (c) circular patterns (diameter: 3.2 m) on the silicon
microfabricated substrates.
The particle packing structure in the larger square pattern was minutely observed by
a FE-SEM (Figure 3.6). The submicrometer-sized polystyrene particles were deposited within
the patterns with a hexagonal closest packing structure bordering on the surrounding particles.
The hexagonal closest packing structure in a pattern occurred due to the particle self-assembly
to form the most stable structures as well as the usual monolayer-particle films.
(a)
(b)
(c)
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Figure 3.6. FE-SEM image of the hexagonal closest packing of polystyrene particles
(diameter: 450±25 nm) within a square pattern (side-length: 5.0 m) on the silicon
microfabricated substrate.
3.3.2 Effects of Particle and Pattern Sizes
The size effects of the polystyrene particle and the microfabricated pattern on the
particle packing in the square patterns were examined. First, the particle sizes were changed
to determine the particle size effect on the particle packing. The hexagonal closest packing
with the larger particles (diameter: 1000±50 nm) in the square patterns (side-length: 5.0 m)
was achieved under the same conditions as that of the 450±25 nm diameter particles. In the
case with smaller particles (diameter: 115±10 nm), the difficulty in the selective deposition of
particles within the patterns increased due to the influence of Brownian movement; however,
the particle packing structures were same as that of the larger particles, that is, smaller
particles also formed the hexagonal closest packing structures in the patterns. On the other
hand, the effect of the box size was appeared when using the substrates fabricated with the
square patterns having a side-length of 0.85, 1.15, 1.37, 1.58, 1.80, 2.25, and 2.10 m (2  
5-time larger than the particle diameter: 450±25 nm). Among them, for the substrate bearing
the square pattern with a 1.15 or 1.58 m side-length (2.5- or 3.5-times larger side-length than
the particle diameter of 450±25 nm), neither a closest packing in a square pattern nor a
selective deposition in the patterns occurred (Figure 3.7). Overflows of the particles were
observed in these cases, because the square pattern did not bear an adequate side-length, i.e.,
the exact multiple of the particle size. The selective deposition of particles within the
equilateral triangular patterns (side-length: 1.80, 2.25, and 2.70 m; depth: 110 nm) and the
circular patterns (diameter: 1.80, 2.25, and 2.70 m; depth: 110 nm) were successful because
they had 4-, 5-, and 6-times larger side-lengths (or diameter) than the particle sizes (diameter:
450±25 nm).
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Figure 3.7. FE-SEM image of deposited polystyrene particles (diameter: 450±25 nm) on
the silicon square pattern (side-length: 1.58 m) substrate.
Figure 3.8. FE-SEM images of the polystyrene particle (diameter: 450±25 nm) packing
within various-sized square patterns (side-length: 0.85, 1.37, 1.80, 2.25, and 2.10 m).
2100 nm 2100 nm110 nm
Hexagonal Closest PackingCubic Packing
2250 nm 2250 nm110 nm
1800 nm 1800 nm110 nm
850 nm 850 nm110 nm
1370 nm 1370 nm110 nm
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The hexagonal closest packing similar to the image in Figure 3.5 was observed for
the combination of the 450nm particles and the 2.25 m side-length square pattern substrate
(5-times larger than the particle size). However, the particle packing structure was
dramatically switched from the hexagonal closest-packing to the cubic packing structure for
the twice and three times larger square patterns. The 450 nm diameter particle in the 1.8 m
side-length square pattern (4-times larger than the particle size) formed a mixture of the cubic
and hexagonal closest packing structures (Figure 3.8).
3.4 Mechanism of Particle Arrangement on Micro-fabricated Substrate
3.4.1 Forces Worked on Nano-particles upon the Particle Deposition Process
The author now discusses the forces which work upon the deposition process of the
nano-particle in the etchpit. First, the surface of the SiO2 substrate was found to be
hydrophilic which was estimated by measuring the contact angle of a water droplet of 45°.
On the other hand, the inside surface of the etchpit is presumed to be hydrophobic (contact
angle = 84°). The surface of the polystyrene nano-particle is covered with the sodium
n-dodecyl sulfate surfactant and is relatively hydrophilic, which was supported by measuring
the contact angle (38°) of a water droplet on the polystyrene nano-particle film prepared by a
spin-coating method. Other polystyrene nano-particles, such as Polybead (Polysciences, Inc.)
bearing amino or carboxyl groups, were also selectively deposited in the etchpits. Therefore,
the interaction between the hydrophilic particle surface and the hydrophobic etchpit is
considered not to be dominating for the selective deposition of a particle into the etchpit.
Other forces, such as gravitation, buoyancy, Coulombs force, and van der Waals force,
should be less significant (<10-14 N) in this particle arrangement experiment.
The following two forces are expected to deposit the nano-particle into the etchpit: (i)
a capillary force, i.e., the surface tension (~10-8 N) that acted upon the particle partially
immersed in an aqueous layer just before the deposition; and (ii) a frictional force (Fd, ~10-8
N) between the substrate and the particle (Figure 3.9). Polystyrene nano-particles dispersed in
organic solvents, such as chloroform and tetrahydrofuran, were not deposited in the etchpits
because their surface tensions were very low. Particles in methanol were slightly deposited in
the etchpits.
The surface tension of (i) is divided into a parallel force (F//) versus the substrate
surface and a perpendicular force (F ) which works on the particle toward the substrate
surface. The lateral motion of the particles was negligible in the well-dispersed and dilute
suspension of this particle arrangement experiment. Under the experimental conditions of Fig.
3.4(b), the two forces were calculated to be F// = 1.2×10-8 N and F = 2.8×10-8 N, respectively.
The situation was examined when one particle was just half-immersed in an aqueous layer,
where the surface tension is expected to be the highest, therefore, any Brownian movement
and interaction among the particles could be ignored. The surface tension caused between the
water and the particle surface, and the force direction was estimated by the contact angle
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Figure 3.9. Illustration of the forces working upon a particle which is partially immersed
in an aqueous layer just before the deposition. F//, F , Fd, , and  represent the parallel
component of the surface tension, the perpendicular component of the surface tension,
the frictional force between a particle and a substrate, the pulling-up angle, and the
contact angle between the slant substrate and the aqueous surface.
measurement. The sum of the surface tensions, which was calculated using the circumference
of the particle under the conditions of Figure 3.4(b), was ca. 3.9×10-8 N based on the air-water
interfacial tension of 7.28×10-2 N/m (at 20 °C). The force was divided into the parallel and
perpendicular components toward the substrate by considering the slope of the aqueous layer
caused by the contact angle between the substrate and water. The contact angles were 30, 27,
23, and 15° for the substrate pulling-up angles of 90, 120, 135, and 150°, respectively, and the
parallel direction force for a particle to move forward was calculated to be F// = 1.5×10-8,
1.4×10-8, 1.2×10-8, and 7.9×10-9 N, respectively. On the other hand, the perpendicular
component, which works to deposit a particle in an etchpit, was F = 2.5×10-8, 2.7×10-8,
2.8×10-8, and 3.0×10-8 N, respectively, for each pulling-up angle.
The frictional force, which works antiparallel to the progressive direction of water on
the deposition process, was calculated to be Fd = 1.0×10-8 N. The frictional force Fd [N] of an
object in a fluid is provided by Stokes law for a laminar flow:  
Fd=(24 / dp)( 2/2)( dp2/4)r (3.1)
where , , , dp, and r are the viscosity coefficient of water [Pa s], the density of water
[kg/m3], the velocity of water [m/s], particle diameter [m], and the ratio of a particles cross 
section area immersed in an aqueous layer versus the largest cross-sectional area, respectively.
The frictional force was calculated to be Fd = 1.0×10-8 N under the conditions of Figure
3.4(b). After summing them up, the perpendicular force (F ~10-8 N) was considered to be
the main force that pushes the particle into the etchpit.
A polystyrene nano-particle array dot was produced on the microfabricated silicon
substrate using the simple pulling-up equipment. The mechanism of the selective deposition
of the particles in the etchpits revealed that the gas-liquid interfacial tension is the significant
Fd
F
F
F//
F//
''
F + //
F + //
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factor and it is less susceptible to the particle species. This result suggests the feasibility of
this simple method to other micro- and nano-particles with a functionalized surface.
3.4.2 Mechanism of Particle Packing within Square Patterns
Here, the author discusses the particle packing process within the square patterns in
order to understand the previous described interesting results. The interaction between a
particle and a substrate, and the interaction among particle are effective for the selective
deposition of particles and the formation of packing structures within the patterns.
Hydrophobic polystyrene particles dispersed in aqueous media are liable to adsorb on a
substrate especially at the edge of the patterns and to aggregate one another to reduce the
surface potential of the particle. The particle packing mechanism is regarded to include the
following three steps: (1) the first particle deposition, (2) the following particle deposition,
and (3) restructure of particle packing structure (Figure 3.10). The first particle is considered
to deposit at the square pattern corner selectively because the particle deposited at the corner
becomes stable due to reduce the surface potential of the particle by contacting to the pattern
edges through multi-points (step 1). The following particles deposit one after another into the
square pattern, especially (a) at other corners, (b) on the edges of the square pattern, and (c)
next to the fist particle through a hydrophobic interaction among particles (step 2). The
particles gradually deposit into the patterns from the circumferences to the center of the
square pattern. After almost all the particles are deposited in the pattern, the particle aggregate
will be restructured into the most stable packing structure (step 3). In this step, the particles
remove from the pattern edges to form a more stable hexagonal closest structure because the
multipoint interaction among the particles is stronger than the interaction between the particle
and the edges. Although the contact point between the particles and the edges reduced with
this restructuring, the particles with the hexagonal closest packing structures must be
contacted with more particles than the particles with cubic packing structures. However, the
restructure of particles into the hexagonal structures were not observed in small size square 
patterns, which had 2 or 3-times larger side-length than the particle size. Instead of the
hexagonal closest packing structures in the large patterns, cubic packing structures were
formed in the small patterns. The border of the small and large pattern sizes is located 
at the square patterns with 4-times larger side-length than the particle size. In the small 
patterns, interaction between particles and pattern edges are considered to be dominant to
prevail over the interaction among particles since more particles in the small patterns 
contact with the pattern edges than that in the large patterns. Therefore, the interaction 
between the particle and the substrate significantly prevents the restructure of the particles in
the small patterns 
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Figure 3.10. Diagram of the mechanism of particle packing within the patterns.
Cubic packing of the particles is a special phenomenon and is not observed in the
normal particle assembly. The monolayer-particle film bearing the cubic packing structures
has potential applications such as a mask bearing exposure sites at the lattice points. A cubic
structured monolayer-particle film with a wide area is now being constructed using a silicon
patterning substrate with micrometer-sized grille-like low protuberances.
In conclusion, the selective deposition of polystyrene nano-particles into the
array-like made nano-etchpits and the packings of submicrometer-sized polystyrene particles
within micrometer-sized recessed patterns on silicon substrates were achieved using a simple
template-assisted procedure. A special phenomenon, the cubic packing of particles, was
observed when using a square pattern substrate with 2 or 3- times larger side-length than the
particle diameters. This cubic structured monolayer-particle film would have potential
applications, such as a mask bearing exposure sites at lattice points. This process is applicable
for the arrangement of various functional nano-particles.
3.5 Experimental Section
Preparation of polystyrene particles. Polystyrene particles with the diameters of 115±10,
450±25, and 1000±50 nm were prepared by the emulsifier-free emulsion polymerization in
water using the styrene monomer, sodium p-styrenesulfonate as a dispersion stabilizer,
divinylbenzene as a cross-linker, and potassium persulfate as a water-soluble polymerization
initiator.21 The particle sizes were changed by tuning the amount of the dispersion stabilizer.
"small" size pattern "large" size pattern
Cubic Packing HexagonalClosest Packing
step 1
step 2(a)
step 2(c)
step 2(b)
step 3
Restructuring
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Fabrication of silicon microfabricated substrates. Silicon NEPA substrates were fabricated
by the electron beam- or photo-lithography and the etching of the SiO2 layer. The SiO2
surface of the 10 mm square silicon substrate was coated with a photoresist resin (Zep-520,
Nihon Zeon Co.), which was patterned by an electron beam exposure (Hitachi modified
S-4200SE SEM combined with Tokyo Technologys lithography system). After etching the
oxide layer with aqueous HF solution through the patterning mask, the substrate was cleaned
by oxygen plasma etching and chemical washing. Nine kinds of NEPA substrates were
prepared: etchpit diameter = 100±10, 130±10, and 300±15 nm; depth of etchpit corresponding
to the diameter = 12, 50, and 100 nm, respectively; pitch of the etchpit = 0.5, 1.0, and 2.0 m.
Silicon substrates with micrometer-sized recessed patterns were also fabricated in
similar procedure. The microfabricated substrate has square, equilateral triangular, or circler
recessed areas (patterns) with micrometer-scale side-lengths or diameters, and nanometer-
scale depths at the lattice point with a 5-20 m interval. A series of silicon microfabricated
substrates with different square pattern sizes (side-length: 0.85, 1.20, 1.37, 1.80, 2.10, 2.25,
2.70, 3.20, and 5.00 m; depth: 110 nm) were prepared. The substrates with equilateral
triangle patterns (side-length: 1.80, 2.25, 2.70, and 3.20 m; depth: 110 nm) and circular
patterns (diameter: 1.80, 2.25, 2.70, and 3.20 m, depth: 110 nm) were also prepared. The
surface of these substrates is characterized by two different areas; i.e., the hydrophilic SiO2
area, which covers the entire surface, and the hydrophobic Si area at the bottom of the
recessed patterns.
Dipping and pulling-up process for the selective deposition of particles. A kind of
template-assisted procedure, a dipping and pulling-up process of a microfabricated substrate
from a polystyrene particle aqueous suspension using simple handmade equipment, was used
as the method for the particle arrangement. The authors simple equipment consists of a 
holder with a small clip to hold the substrate at the pulling-up angles from 90 to 180°, a motor
which moves the holder at a constant speed from 0.1 to 100 m/s, and a computer to control
the pulling-up speeds and the angles.
Instruments. The arrangements of the polymer particles on the silicon microfabricated
substrates were observed with a scanning electron microscope (SEM, Keyence VE-7800) and
a field emission scanning electron microscope (FE-SEM, Hitachi S-4200SE).
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4.1 Introduction
Nanometer-sized magnetic dots have been extensively studied due to their potential
applications in high-density magnetic storage media by regularly arranging the dots on a
substrate as an array.1,2 There is also great interest in nano-scale magnetically active, but
totally new materials in contrast to the conventional magnetic dots composed of metals or
metal oxides, because the magnetic domain size, which is a key factor in determining the
storage density in devices, has been reaching the technical and physical lower limit by typical
top-down methods using metals and metal oxides. Bottom-up procedures using molecules,
particularly nanometer-sized organic polymers, possess possibilities that might supersede the
traditional methods, because the properties and sizes of the polymers are controlled by the
organic chemical approaches based on the molecular design and the polymerization
methodology.3-5
Organic polymers had been recognized as magnetically inactive materials. In the past
decade, however, a synthetic approach to organic-based or metal-free magnetically active
polymers has been studied using a variety of stable radicals containing carbon-, oxygen-, and
nitrogen-centered unpaired electrons.6-12 The polymers bearing a large number of stable
radicals are often called polyradicals. The magnetic properties of a series of polyradicals have
been analyzed using various techniques, such as an electron spin resonance (ESR)
spectrometer or a superconducting quantum interference device (SQUID). However,
conventional ESR and SQUID measurements are inadequate for polyradicals on substrates,
because these measurements evaluate the macroscopic property of a bulk sample. The authors
applied magnetic force microscopy (MFM), one of the scanning probe microscopes used to
investigate nanometer-sized magnetic materials, to the polyradical molecules. In recent years,
the authors have reported the single-molecular magnetic response images of various
nanometer-sized polyradical molecules by MFM under ambient conditions, and demonstrated
that MFM is an effective tool to quantitatively evaluate the magnetic properties of polyradical
molecules.13-18
The organic magnetic dot array requires polyradical molecules to selectively
deposit on a substrate as separate dots with a constant interval on lattice points. However,
organic molecules including polyradicals have a tendency to aggregate with one another on
substrates when the solvent is evaporated. For the selective deposition of molecules, various
approaches such as the utilization of covalent bonds or electrostatic interactions between
molecules and functionalized substrates have been studied.19-21 Among these approaches, the
combination of polymer nanoparticles and a microfabricated substrate as a template is a
simple and feasible procedure requiring no special techniques or equipment. Polymer
nanoparticles, nanometer-sized homogeneous particles with a diameter from several tens
nanometers to sub-micrometers, are obtained via the emulsion polymerization or the
emulsifier-free emulsion polymerization.22,23 The authors and other groups have reported the
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selective deposition of nanometer- or micrometer-sized polymer particles on a similar-sized
pit on a substrate.24-27
As an organic magnetic nanoparticle for a magnetic dot array, the author designed
and prepared, in this chapter, a polyradical nanoparticle, that is, a polymer particle bearing
stable radicals with a size from several ten to several hundred nanometers. The
poly(methacrylate) nanoparticle bearing 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)
radicals 1 was selected as the polyradical nanoparticle, because the TEMPO radical is one of
the most stable radicals and the methacrylate monomer is suitable for the emulsion
polymerization.
This chapter describes the preparation of the polyradical nanoparticles via the
emulsion polymerization followed by oxidation. The polyradical nanoparticles were arranged
on a microfabricated substrate using a simple procedure to produce the organic magnetic dot
array. The electrochemical property and magnetic force microscopic studies of the polyradical
nanoparticles are also shown to demonstrate a possible application for magnetic storage media
with polyradical nanoparticles.
4.2 Synthesis and Electrochemical Property of Polyradical Nano-Particles
4.2.1 Preparation of the Polyradical Nanoparticle
The polyradical nanoparticle, poly(4-methacryoyloxy-2,2,6,6-tetramethylpiperidine-
1-oxyl) 1, was prepared along with scheme 4.1. The linear poly(4-methacryoyloxy-2,2,6,6-
tetramethylpiperidine-1-oxyl) has been synthesized via the anion polymerization of
4-methacryoyloxy-2,2,6,6-tetramethylpiperidine-1-oxyl or the radical polymerization of
4-methacryoyloxy-2,2,6,6-tetramethylpiperidine followed by chemical oxidation.28,29
Nanoparticles of poly(4-methacryoyloxy-2,2,6,6-tetramethylpiperidine-1-oxyl), however,
have not been reported except in the authors previous report,16 because radical-containing
monomers are inadequate for the emulsion polymerization or the emulsifier-free emulsion
polymerization. The authors group have reported a synthetic route of polyradical particles 1
with sub-micrometer or micrometer sizes via the anion dispersion polymerization of the
radical monomer, 4-methacryloyloxy-2,2,6,6-tetrapenthylpiperidine-1-oxyl 2, in the presence
of the polystyrene-block-polybutadiene as the stabilizer. The polyradical particles obtained by
the anion dispersion polymerization were insufficient to be utilized for the magnetic dot array
in terms of their oversized diameters and low dispersing stability. Therefore, the authors
prepared the polyradical nanoparticles 1 via the emulsion polymerization of a newly designed
monomer, 4-methacryoyloxy-2,2,6,6-tetramethylpiperidine-1-acetoxyl 3, in which the radical
moiety was protected with the acetyl group to avoid such problems (Scheme 4.1).
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Scheme 4.1
The TEMPO radical-substituted methacrylate 2 was synthesized based on previous
papers.28,29 The nitroxide radical moiety in compound 2 was reduced with ascorbic acid to
produce the hydroxylamine derivative. The crude hydroxylamine derivative was immediately
protected by an acetyl group with acetic anhydride under basic conditions to provide 3,
because N-hydroxy-2,2,6,6-tetramethylpiperidiene is known to be easily oxidized by oxygen
in air at room temperature to give a nitroxide radical.30 The emulsion polymerization of 3 in
the presence of sodium n-dodecyl sulfate as an emulsifier, allylmethacrylate as a cross-linker,
and potassium persulfate as a radical polymerization initiator produced the corresponding
nanometer-sized polyradical precursor particle 4. The SEM observation and the light
scattering measurement revealed that the particles have spherical structures and nanometer
sizes with narrow diameter distributions (< 5%) (Figure 4.1). The particle diameters
correlated to the amount of the emulsifier in the synthetic procedure, that is, lower amounts of
the emulsifier afforded larger particles and higher amounts of the emulsifier afforded smaller
ones. Various-sized nanoparticles with diameters of 57±2, 109±3, 164±5, and 204±7 nm were
prepared by changing the amount of the emulsifier.
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Figure 4.1. SEM images of the polyradical nanoparticles 1 (diameter: 109±3 nm).
Radical generation was performed by the deprotection reaction of the acetyl groups
followed by natural oxidation in air. An excess amount of a potassium hydroxide aqueous
solution was added to the aqueous suspension of 4, and stirred at room temperature. Infrared
adsorption of the nanoparticles at 1771 cm-1 corresponding to the C=O stretching vibration in
the acetyl groups decreased as the deprotection reaction progressed. The obtained particles
retained their shapes and sizes after generating the radicals. ESR spectroscopy of 1 showed
that a unimodal signal (g = 2.0056) derived from the nitroxide radical species, and the radical
spin concentrations were estimated by the signal areas. As the reaction mainly occurred from
the particle surfaces, the deprotection reaction of the polyradical precursor particle 4 was so
slow that several days were required to generate the nitroxide radicals. Longer reaction times
gave 1 with higher radical spin concentrations, and the maximum radical spin concentration
of the 109±3 nm-diameter particles with a reaction time of 10 days reached 7.8×1020 spin/g
(0.31 spin/unit). Shorter deprotection reaction times gave the polyradical nanoparticles 1 with
lower radical spin concentrations (the reaction time of 6 h, 2 days, 6 days gave the radical
spin concentrations of 5.1×1019, 2.8×1020, 5.9×1020 spin/g, respectively). The deprotection
reaction was accelerated by heating the suspension (~50 oC). There is a tendency that the
radical spin concentration increased in the smaller particles under the same reaction
conditions (maximum 1.2×1021 spin/g on 57±2 nm-diameter particle). These results supported
the fact that the radical generation in the nanoparticles mainly occurred from the outside,
because the deprotection reaction reagents (potassium hydroxide) hardly approached the
inside groups of the allylmethacrylate cross-linked polymer particles to deprotect the acetyl
groups and to generate the radicals.
4.2.2 Electrochemical Measurements
The redox property of the polyradical nanoparticle is an important characteristic for
application as the organic magnetic dot arrays, because the magnetically active/inactive
property or the radical spin concentration, which changes through the oxidation or reduction
reaction, corresponds to the magnetic information of the polyradical nanoparticles. The
nitroxide radical in TEMPO is known as a stable redox unit between the magnetically active
500 nm
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nitroxide radical and the magnetically inactive oxoammonium cation with a fast exchange rate
(Scheme 4.2).31,32 The redox property of polyradical nanoparticles 1 were examined by cyclic
voltammetry and electrolytic ESR spectroscopy. The cyclic voltammogram of 1 adsorbed on
a Pt working electrode showed a unimodal redox wave with the oxidation peak at 0.75 V vs.
Ag/AgCl and the redox peak separation of 12 mV (Figure 4.2). The voltammogram was
repeatedly recorded during the potential sweeps of, e.g., 20 times at room temperature.
Scheme 4.2
Figure 4.2. Cyclic voltammogram of the polyradical nanoparticles 1 adsorbed on Pt
electrode (electrode area: 8.0 mm2) in acetonitrile with 0.1 M (n-C4H9)4NBF4 (reference
electrode: Ag/AgCl, scanning rate: 100 mV/s).
Electrolytic ESR spectroscopy using similar electrodes (silver wire was used instead
of Ag/AgCl reference electrode) was recorded under the controlled potential from 0.0 to 1.6 V
vs. Ag (Figure 4.3). At the initial potential at 0.0 V, the ESR spectrum showed a single-peak
signal with g = 2.0056, indicating the existence of nitroxide radicals. The ESR spectrum
changed to a weaker signal with the increasing applied potential, and finally at 1.6 V, the
signal almost disappeared. On the other hand, when sweeping the potential to lower to 0.0 V,
the radical intensity regained its former values again. The redox between the two states was
reversible at the applied potentials. These results showed that the nitroxide radicals were
oxidized to the oxoammonium cations, and both the radicals and cations were chemically
persistent at room temperature.
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Figure 4.3. ESR intensity change in the polyradical nanoparticles 1 during
electrochemical oxidation and reduction (reference electrode: Ag, electrolyte:
acetonitrile with 0.1 M (n-C4H9)4NBF4).
4.3 Atomic and Magnetic Force Microscopy Measurement
The precursor nanoparticle 4 and the following polyradical nanoparticle 1 were
observed by atomic force microscopy (AFM) in the tapping mode. The AFM topographical
image of 4 (109 nm-diameter determined by light scattering method) showed some spherical
dots with ca. 140 nm diameters and ca. 80 nm heights (Figure 4.4(a)). The disagreement in
particle sizes estimated by the light scattering method and the AFM observation was
considered to be the result of the environmental differences between being in water and on the
solid surface. The SEM observation also supported that the diameters of nanoparticles on the
surface were slight larger than that in water. In addition, the influence of the curvature radius
of the probe apex could not be ignored. The AFM observation of 1 showed similar shapes and
sizes to the precursor nanoparticle 4 (Figure 4.4(c)). The dispersing ability of 1 on a substrate,
which is one of the most important factors for selectively depositing them on a substrate, was
similar to that of 4.
MFM was used to study the magnetic response of the polyradical nanoparticles.
MFM is a kind of scanning probe microscopy and is almost the same method as AFM, except
for using a magnetized probe and interleaved lift-mode. The first scan is in the tapping mode
to monitor the surface topology (AFM scanning with a magnetized probe), and the second
scan in the same area was carried out in the non-contact lift mode by keeping a fixed distance
(e.g., 40 nm) between the probe and the sample surface to detect the local magnetization of
the sample. MFM has been used not only for the analysis of ferromagnetic materials such as
magnetic storage media but also some paramagnetic samples such as paramagnetic
metal-containing molecules.33 The MFM observation of the precursor nanoparticles 4 scanned
in the same area of Figure 4(a) showed no significant images because 4 was magnetically
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inactive (Figure 4.4(b)). On the other hand, the MFM image of the polyradical nanoparticles 1
(Figure 4.4(d)) clearly indicated magnetic gradient responses exactly at the same positions of
single polyradical nanoparticles in Figure 4.4(c). By switching the drive frequency of the
probe from higher to lower against the resonance frequency, the MFM image was inverted,
Figure 4.4. AFM and MFM images of the precursor polymer nanoparticles 4 and the
polyradical nanoparticles 1; (a) AFM image of 4, (b) MFM image of 4, (c) AFM image
of 1, and (d) MFM image of 1.
Figure 4.5. MFM and their cross sectional images of the polyradical nanoparticles 1
with different radical spin concentrations ((a), (b) = 5.1×1019 spin/g, (c), (d) = 2.8×1020
spin/g, (e), (f) = 5.9×1020 spin/g).
(a)
(d)(c)
(b)
(a) (c) (e)
(b) (d) (f)
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which supported the fact that the observed images were definitely derived from the magnetic
responses of the nitroxide radicals in the polyradical nanoparticles.
Figure 4.5 shows the correlation between the radical spin concentrations of the
polyradical nanoparticles and the corresponding MFM images. In each observation, the MFM
experimental parameters such as the lift scan height (distance between the probe and the
sample surface) or the setpoint amplitude (applied voltage to oscillate the probe) remained
constant. The magnitude of the magnetic response in the MFM image increased with an
increase in the radical spin concentration of the polyradical nanoparticle 1.
The author now describes the assumed mechanism of the MFM detection of organic
radicals and the magnetic force between a polyradical nanoparticle and an MFM probe. The
nitroxide radical spins in the polyradical nanoparticles are paramagnetic; therefore, the
directions of the spins are random in no magnetic field. However, the radical spins in the
molecule are considered to be aligned by a ferromagnetic MFM probe, which locates at a very
near position (e.g., 40 nm) from the sample, when the ferromagnetic probe comes to the
upside of the molecule. The magnetic interaction between a paramagnetic radical and a
ferromagnetic probe is interpreted as the interaction between each magnetic moment of the
radical and the probe. The value of the magnetic force between the polyradical nanoparticle
and the MFM probe, which was estimated from the magnetic moments of the particle and the
probe, was calculated to be ca. 9×10-11 N. This value showed good agreement with the
magnetic force estimated from the MFM intensity (ca. 8×10-11 N). The calculation details will
be published elsewhere.18 These results suggested that the MFM is an effective tool to
evaluate the polyradical nanoparticles as magnetic dots.
4.4 Selective Deposition of the Polyradical Nano-Particles in Etchpits on a Silicon
Substrate
The polyradical nanoparticle dot array, that is to say, the selective deposition of each
polyradical nanoparticle at a separate array-like position on a substrate, was attempted using a
silicon microfabricated substrate and a simple dipping and pulling-up procedure. The author
reported a similar nanoparticle dot array using nanometer-sized polystyrene particles (ca. 100
nm diameter) and a silicon microfabricated substrate in chapter 3.26 The silicon substrate,
which was fabricated using a commonly used microfabrication technique, possessed many
nanometer-sized array-like recessed cylindrical etched pits on the surface. Particle
arrangement was performed by a simple dipping and pulling-up procedure, which provides a
capillary force, i.e., a gas-liquid interfacial tension for the meniscus phenomenon that occurs
between the hydrophilic SiO2 surface and water, to push the nanoparticle into the etchpit on
the substrate. The polyradical nanoparticle array dot was achieved using the following
conditions: polyradical nanoparticles 1 (diameter = 204 nm, concentration = 0.2wt%), the
etchpits of the microfabricated substrate (diameter = 130 ± 10 nm, depth = 50 ± 5 nm, pitch of
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etchpits = 1 m), pulling-up speed = 20 mm/s, and pulling-up angle = 135 °. Details of the
experiments and the mechanism of this self-organized particle arrangement are described in
previous papers.26,27 The substrate onto which the polyradical nanoparticles were selectively
deposited upon the etchpits on the silicon microfabricated substrate was observed by AFM
and MFM (Figure 4.6). The AFM image shows a polyradical nanoparticle dot array with
constant intervals between one another, and the magnetic gradient responses in the MFM
image were exactly detected at the particle positions. A 100 %-yield deposition without any
defects was realized at least in a 12 × 8 m2 region on the substrate with reproducibility.
Figure 4.6. AFM and MFM images of the polyradical nanoparticles 1 (diameter: 204±7
nm) selectively deposited on the silicon microfabricated substrate.
In conclusion, polyradical nanoparticles (e.g., diameter = ca. 100 nm, diameter
distribution <5%, and ca. 8×1020 spin/g) were prepared via the emulsion polymerization of
the TEMPO derivative-substituted methacrylate monomer, then a deprotection reaction and
oxidation in air. The redox property of the polyradical nanoparticles was revealed by the
cyclic voltammetry and electrolysis ESR spectroscopy, and showed the possibility of utilizing
the particles as magnetic dots, in which the radical spin concentration can be
electrochemically tuned. The magnetic response image of the polyradical nano-particles was
obtained using a magnetic force microscope reflecting their radical spin concentrations. In
addition, selective deposition of the polyradical nanoparticles on the silicon microfabricated
substrate was achieved by a simple method. The polyradical nanoparticles are expected to be
novel magnetic dots which possess an unusual property that shows the continuous
multi-valued representation in one dot by tuning the radical spin concentration of the
polyradical nanoparticle; unlike the conventional two-valued information, such as 0/1,
up/down, and active/inactive, in metallic ferromagnetic materials. The organic magnetic dot
AFM MFM
3D-MFM
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array composed of polyradical nanoparticles will be tested as a magnetic storage media by
micro-electrically tuning the radical spin concentration with the conducting AFM probe and
detecting the radical spin concentration with the MFM probe.
4.5 Experimental Section
4-Methacryloyloxy-2,2,6,6-tetrapenthylpiperidine-1-acetoxyl (3). 4-Methacryloyloxy-
2,2,6,6-tetrapenthylpiperidine-1-oxyl 2 was synthesized based on previous papers.28,29 Ethyl
acetate (420 ml), water (420 ml), and L-ascorbic acid (11.0 g, 62.4 mmol) were added to a 20
ml methanol solution of 2 (10.0g, 41.6 mmol). After stirring the solution at room temperature
for 1 h under nitrogen, the solution containing the hydroxylamine compounds was extracted
with diethylether, dried with sodium sulfate, and evaporated. The obtained white powder
(9.88 g) was immediately dissolved in THF (62 ml) and cooled at 5 oC. Triethylamine (10 ml,
0.14 mol) and acetic anhydride (120 ml, 0.106 mol) were added to the solution, and stirred at
room temperature for 12 h. The organic product was extracted with diethylether and washed
with a sodium carbonate aqueous solution, and then the organic layer was evaporated. The
crude product was purified by silica gel column chromatography with a hexane/ethyl acetate
(3/1) eluent to give a colorless viscous liquid.: Yield 94 . 1H-NMR (CDCl3, 500MHz; ppm):
5.93(s, 1H, vinyl) 5.41(s, 1H, vinyl), 5.00(m, 1H, -OCH-), 1.96(s, 3H, COCH3), 1.83(dd,
2H, J1=11.9 Hz, J2= 3.7 Hz, -CH2-), 1.78(s, 3H, C=CCH3), 1.69(t, 2H, J=11.9 Hz, -CH2-),
1.13(s, 6H, CH3), 0.98(s, 6H, CH3); 13C-NMR (CDCl3, 500MHz; ppm): 170.2, 166.6, 136.2,
125.1, 66.1, 59.9, 43.2, 31.7, 21.0, 18.7, 17.9; IR(liq, cm-1): 1636 ( C=C), 1715 ( C=O), 1771
( C=O), 1250 ( C-O-C); FAB-MS(m/z): 284 (M+), calcd for MS: 283.4. Anal. Calcd for
(C15H25NO4): C, 63.6; H, 8.9, N, 4.9. Found: C, 63.9; H, 8.9, N, 4.8%.
Poly(4-methacryloyloxy-2,2,6,6-tetrapenthylpiperidine-1-acetoxyl) nanoparticle (4).
Monomer 3 (1.0 g, 3.5 mmol), reduced-pressure distillated allylmethacrylate (23 mg, 0.18
mmol), and sodium n-dodecyl sulfate (0.12 g, 12.0wt% vs. monomer) were added to water
(35 ml) in a 100-ml three-neck round-bottom flask under nitrogen, and the suspension was
vigorously stirred (300 rpm) for 30 minutes at 80 oC. A potassium persulfate (29 mg, 0.11
mmol) aqueous solution (5ml) was slowly dropped into the suspension with vigorous stirring.
The emulsion polymerization was continued for 3 hours at 80 oC and then allowed to cool.
The crude product was purified by dialysis and ultracentrifugation (15000 rpm for 30 min, 3
times) with water to remove any excess unreacted monomer and emulsifier. The particle
shapes and diameters were analyzed by SEM observations (S-4200SE SEM, Hitachi, Inc.)
and the light scattering method (N4 PLUS Submicron Particle Size Analyzer, Beckman
Coulter, Inc.). The particle diameter estimated by the light scattering method was 109±3 nm.
Nanoparticles with 204±7, 164±5, and 57±2 nm diameters were also obtained under similar
experimental conditions except for the different emulsifier amounts (4.0, 8.0, and 16.0wt%,
respectively).
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Poly(4-methacryloyloxy-2,2,6,6-tetrapenthylpiperidine-1-oxyl) nanoparticle (1). A 0.8 g
(14.3 mmol, 20 eq.) aliquot of potassium hydroxide dissolved in 5ml of water was added to
the aqueous suspension (20ml, 1.0wt%) of 4 (109 nm-diameter). The suspension was stirred
for 10 days at room temperature in air (suspension color changed from white to light-orange).
The polyradical nanoparticles with lower radical spin concentrations were obtained by tuning
the deprotection reaction time. The obtained product was purified by dialysis with water to
remove the reducing agent.
Magnetic Characterization Measurement. Magnetic characterization of the polyradical
nanoparticles was measured by the ESR spectrometer (JEOL JES-2XG) and the SQUID
magnetometer (MPMS-7, Quantum Design, inc.). The signal positions and intensities in the
ESR spectra were calibrated against an external standard of Mn2+/MgO (g = 1.981) and a
calibration curve with stable TEMPO, 2,2,6,6-tetramethylpiperidine-1-oxyl radicals. The
radical spin concentration of the polyradical nanoparticle was measured by the Curie Plots of
the magnetic susceptibility using the SQUID magnetometer.
Electrochemical Measurement. A drop of a 25wt% aqueous suspension of polyradical
nanoparticles 1 was dropped onto a platinum working electrode and dried in vacuum to
prepare a polyradical nanoparticles-modified electrode. Cyclic voltammetry (BAS 100B) was
carried out in acetonitrile in the presence of 0.1 M (n-C4H9)4NBF4 as the supporting
electrolyte using the modified electrode, a platinum counter electrode, and an Ag/AgCl
reference electrode at a scan rate of 100 mV. Electrolytic ESR spectroscopy was carried out
using a platinum working electrode modified with polyradical nanoparticles 1, a platinum
counter electrode, and a silver reference electrode were prepared with a 0.1 M KOH aqueous
solution in an ESR quartz cell. The applied potential was controlled by a potentioganvanostat
(Nikko Keisoku NPGS-301), and the ESR spectrum was recorded using the ESR
spectrometer.
AFM and MFM Measurements. A drop of a 0.02wt% aqueous suspension of the precursor
polymer nanoparticle 4 was transferred onto a freshly cleaved mica substrate, and the
dispersion medium was carefully dried in vacuo at room temperature for 6 h. Polyradical
nanoparticles 1 suspended on another substrate were also prepared using the same procedure.
The atomic force microscopy (AFM) and MFM experiments were performed using a
Nanoscope IIIa Multimode SPM Unit (Digital Instruments, Inc.). The probe used in the MFM
experiment was a commercial one (NANOPROBE SPM Type MESP) containing a tip thinly
coated with ferromagnetic CoCr having a length of 225 m and a magnetic moment of 10-13
emu. The MFM images in the non-contact lift mode were immediately obtained after the
AFM tapping mode in the same scan area at the scan rate of 0.5 Hz, the drive frequency of ca.
65 kHz, and the scan lift height of 40 nm, which were selected upon tuning.
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Silicon Microfabricated Substrate. Silicon microfabricated substrates possessing many
nanometer-sized array-like recessed cylindrical etched pits on the surface were fabricated
using the commonly used microfabrication technique. First, the 10 mm square silicon
substrate covered with a SiO2 layer was chemically cleaned with a sulfuric acid/hydrogen
peroxide (3 : 1) mixture to remove any organic/inorganic contamination. After coating the
photoresist resin (Zep-520, Nihon Zeon Co.) on the substrate by a spin coat, micro-patterns
were formed on the photoresist film by an electron beam exposure (Hitachi modified
S-4200SE SEM combined with Tokyo Technologys lithography system) and the following
development process. The oxide layer on the substrate was etched with an aqueous HF
solution through the patterned photoresist mask. Finally, the substrate was cleaned by
chemical washing and oxygen plasma etching. Different kinds of the silicon microfabricated
substrates were prepared: etchpit diameter = 100 10, 130 10, and 300±15 nm; depth of
etchpit corresponding to the diameter = 12, 50, and 100 nm, respectively; pitch of the etchpit
= 0.5, 1.0, and 2.0 m.
Dipping and Pulling-up Procedure. A simple dipping and pulling-up procedure was utilized
for the particle arrangement with in-house equipment, that consisted of a holder with a small
clip to hold the substrate, a motor which moves the holder at a constant speed, and a computer
to control the pulling-up speed and the angle. The pulling-up speed and the angle can be set
from 0.1 to 100 m/s and from 90 to 180°, respectively.
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5.1 Introduction
Substituted polythiophenes have been extensively investigated not only their novel
synthetic methods but also their electrical, optical, and electrochemical properties.1-4 They
have present, possible applications for electric and photonic materials and devices, for
example sensors,5-8 actuators,9 batteries,10,11 light emitting diodes,12,13 photovoltaic devices,14
and transistors,15-17 because they possess interesting and remarkable properties such as small
band gap, high electric conductivity, redox activity, light emitting ability, and high field effect
mobility. Among them, new polythiophenes and their applications have been reported by
utilizing the particular properties of substitutions at the side chains, which respond to external
stimuli such as light,18 ions,5,6 and pH.7,8 Some of -conjugated polymers bearing multiple
radical groups (unpaired electrons)19,20 are candidates of the stimuli-responsible polymers.
Tsukada et al. reported that the molecular simulation of conductive characteristics of
-conjugated molecules, oligo(phenylenevinylene)s bearing phenoxyl radicals or their
precursors, revealed the improvement of the electrical conductivity by generating radicals. 21
There have been many reports about organic radical molecules because they have
possible applications to purely organic magnetic materials. Some of the -conjugated
polymers bearing multiple radical groups as the spin sources in non-Kekulé and non-disjoint
fashion showed ferromagnetic spin alignment through the -conjugated backbone.19,20
Thiophene coupler is one of the effective -conjugated backbone for spin alignments,
therefore polythiophenes bearing stable radicals have also been reported by several groups.
Yamamoto et al. reported the oxidative polymerization and the Ni-catalyzed polycondensation
of thiophenes substituting methyl- or trimethylsily-protected phenol derivatives at
3-positions,22 and Lahti et al. succeeded the synthesis of similar regionregular polythiophenes
bearing phenoxyl radicals.23 The authors group has also reported the synthesis and magnetic 
properties of phenoxyl or galvinoxyl radical-substituted polythiophenes.24-26 In addition to
their magnetic properties, such polythiophenes are expected to possess relatively high electric
conductivities and electrically responsive properties. However, the research about
conductivities of radical polymers has been scarcely reported because of the difficulties in
measuring their lower conductivities.
Four-probe technique is well known as the most effective method for measuring
electric conductivities of conducting polymers, because this method can disregard the
influence of contact resistances between sample and electrodes. However, it is difficult to
measure the electric conductivity of highly-resistive polymers with the four-probe technique,
because measured current is quite low in such polymers due to a wider electrode distance and
smaller cross-sectional area for the carrier transfer derived from point contact with mm-sized
probes. It is not easy to measure the conductivity of less than 10-6 S/cm with most of the
commercial equipments. On the other hand, micro comb-shaped electrodes are expected to
measure lower conductivity to the extent of ca. 10-12 S/cm, because they have several micron
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meter gaps and larger cross-sectional areas based on long electrode lengths (several meters).
Though the micro comb-shaped electrode technique have been often pointed the problem of
the influence of contact resistances between sample and electrodes, a method measuring
conductivity of one sample with a large numbers of different electrodes with various sizes
could resolve this problem.
In this chapter, the author attempted the conductivity measurement of
radical-substituted polythiophenes and the clarification of their conductive characteristics.
Polythiophenes bearing stable phenoxyl radicals 1 or galvinoxyl radicals 2 were prepared
(Figure 5.1), and their conductivities were measured with micro comb-shaped electrodes. The
influence of substituted radicals, for example a conformation change along with radical
generation, a radical spin concentration effect, and a doping effect of radicals, were discussed
to reveal the contribution of radicals on polymer conductivities.
Figure 5.1. Chemical structures of radical-substituted polythiophenes and their
precursors.
5.2 Synthesis of Phenoxyl or Galvinoxyl Radical-substituted Polythiophenes
3-(3,5-Di-tert-butyl-4-acetoxyphenyl)thiophene was prepared by the Suzuki coupling
reaction of 3-thiopheneboronic acid and 4-bromo-2,6-di-tert-butyl-acetoxybenzene.24 The
oxidative polymerization of the monomer with 4 equiv of ferric chloride in chloroform
solution yielded the 3-radical precursor-substituted polythiophenes 1a. The weight-average
molecular weight (Mw) of 1a was estimated to be ca. 1.6×104 with a polydispersity (Mw/Mn)
of 1.8. (gel permeation chromatography (GPC) with polystyrene calibration). The
regioregularity or head-to-tail (HT) content of 1a was estimated to be 72% by the ratio of
1H-NMR signal intensity between the signals derived from HT linked -thiophene proton
(6.99 ppm) and other weak signals (6.92-7.04). The UV-vis adsorption and fluorescent spectra
of 1a in dichloromethane solution showed the UV-vis adsorption maximum ( max) at 456 nm
and fluorescent maxima ( em, with 456 nm excitation) at 590 nm. The acetoxy-protected
polythiophene 1a was converted to the corresponding hydroxy polymers 1b in alkaline
solution. The molecular weight and polydispersity of 1b were estimated Mw = 1.4×104 and Mw
/Mn= 1.7 with GPC. The complete elimination of acetyl groups were characterized with
S
OR
O
nS
OR
n
1a : R = COCH3
1b : R = H
1 : R =
2a : R = COCH3
2b : R = H
2 : R =
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1H-NMR and IR. The UV-vis adsorption and fluorescent spectra of hydroxy polythiophene 1b
in dichloromethane solution were max = 457 nm and em = 598 nm (with 457 nm excitation).
These UV-vis adsorption and fluorescent spectra, which were relatively longer wavelengths
than corresponding monomers or oligomers, suggested extended -conjugation of high
molecular weight polythiophenes. The hydroxyl precursor polymer 1b was dissolved in
dichloromethane containing sodium hydroxide aqueous solution, and was oxidized
heterogeneously with an aqueous solution of potassium hexacyanoferrate (III) to yield the
phenoxyl radical-substituted polythiophene 1. The ESR spectroscopy of the radical polymer 1
showed a unimodal signal at g = 2.0042, which was corresponding to oxygen-centered radical
spins. The ESR spectrum of the diluted solution of 1 gave a hyperfine structure caused by the
delocalization of radical spins over the whole polymer structure which agrees with the
authors previous report.24 The radical generation ratio (radical concentration) of 1 was
calculated to be 0.07 spin/unit by ESR spectroscopy and SQUID measurement.
While, 3-{4-[(3,5-di-tert-butyl-4-acetoxyphenyl)(3,5-di-tert-butyl-4-oxo-cyclohexa-
2,5-diene-1-ylidene)methyl]phenyl}thiophene was prepared by the Suzuki coupling reaction
of 3-thiopheneboronic acid and acetyl-protected phenyl galvinoxyl derivative,
4-bromo-[(3,5-di-tert-butyl-4-acetoxyphenyl)(3,5-di-tert-butyl-4-oxo-cyclohexa-2,5-diene-1-
ylidene)methyl]benzene.25 The oxidative polymerization of the monomer with 4 equiv of
ferric chloride in chloroform solution yielded the 3-radical precursor-substituted
polythiophenes 2a (Mw = 5.1×104, Mw/Mn = 1.3 with GPC). Though it is difficult to estimate
the HT content of 2a due to the overlap of -thiophene proton signal with phenyl and quinone
proton signals in 1H-NMR, the HT content is regarded to be considerably high (more than
80%) because of the steric hindrance of the bulky substitution, phenylgalvinoxyl derivative, at
the side chain of the polythiophene. The acetoxy-protected polythiophene 2a was converted to
the corresponding hydroxy polymers 2b (Mw = 5.1×104 and Mw /Mn= 1.5) after complete
elimination of the protecting acetyl groups. The UV-vis adsorption spectra of 2a and 2b in
dichloromethane solution showed max= 528 nm and 533 nm, respectively, and there were no
fluorescence for 2a and 2b due to the existence of quinone moieties. The hydroxyl precursor
polymer 2b was dissolved in dichloromethane containing sodium hydroxide aqueous solution,
and was oxidized heterogeneously with an aqueous solution of potassium hexacyanoferrate
(III) to yield the phenoxyl radical-substituted polythiophene 2. The ESR spectroscopy of the
radical polymer 2 showed a sharp and unimodal signal at g = 2.0045, which was
corresponding to oxygen-centered radical spins. The extent of the generating radical was
examined by the similar method reported in the reference 25: The ESR spectrum of the
corresponding monoradical prepared by the chemical oxidation of the hydroxy monomer,
3-{4-[(3,5-di-tert-butyl-4-hydroxyphenyl)(3,5-di-tert-butyl-4-oxo-cyclohexa-2,5-diene-1-ylid
ene)methyl]phenyl}thiophene, gave a five-splitting hyperfine structure ascribed to the
localization of the generating radicals in galvinoxyl moiety. The radical generation ratio
(radical concentration) of 2 was calculated to be 0.93 spin/unit by ESR spectroscopy and
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SQUID measurement. The galvinoxyl radical-substituted polythiophenes with different
radical concentrations (0.06, 0.20, 0.40, 0.60, or 0.80 spin/unit) were also prepared by
adjusting an amount of the oxidant.
5.3 Conductive Characteristics of Radical-substituted Polythiophenes
5.3.1 Electric Conductivity of Radical-substituted Polythiphenes
The typical current (I) - potential (V) plots of the phenoxyl radical-substituted
polythiophene 1 and its precursor polythiophene 1b using electrodes with their length of
10000 m and the gap of 5 m in voltage range of 0  10 V at room temperature are shown in
Figure 5.2(a). The I-V plots of 1 showed a sigmoidal curve; the maximum current at 10 V
reached ca. 0.7 A, whereas, 1b electrify the current of ca. 40 pA at 10 V which was almost
similar conductivity to 1a. On the other hand, the typical I-V plots of galvinoxyl
radical-substituted polythiophene 2 and its precursor polythiophene 2b in the similar
conditions are shown in Figure 5.2(b), which also shows the distinct difference between the
conductivities of 2 (ca. 3 A at 10 V) and 2b (ca. 70 pA at 10 V). These results first proved
that the conductive characteristic of a polythiophene was exponentially improved by
generating radicals at its side chain.
(a) (b)
Figure 5.2. I-V Plots of (a) 1 (before ( ) and after doping ( )) and 1b (before ( ) and
after doping ( )), (b) 2 (before ( ) and after doping ( )) and 2b (before ( ) and after
doping ( )).
The electric conductivity of each sample was estimated from the slope of the WD/L
 V/I plots using various-sized micro comb-shaped electrodes, which enables to disregard the
influence of contact resistances between polymer and electrodes and to measure the
conductivity of high-resistive polymer films. The electric conductivity of 1 was calculated to
be 1.9×10-6 S/cm, which was extremely higher than that of precursor polythiophenes 1a ( =
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6.4×10-10 S/cm) and 1b ( = 6.0×10-10 S/cm). The conductivities of the galvinoxyl
radical-substituted polythiophene 2 and its precursors 2a, 2b were also measured to be
3.5×10-6, 2.5×10-10, and 8.3×10-10 S/cm, respectively (Table 5.1). As compared to the
precursors, the galvinoxyl radical-substituted polythiophene also showed the quite high
electric conductivity similar to the phenoxyl radical-substituted polythiophene. The electric
conductivities of the galvinoxyl radical-substituted polythiophenes 2 with different radical
concentrations were also measured. A progressive increase in the conductivity attended rising
of the radical concentrations (Figure 5.3). Dependence of the electric conductivity on the
radical concentrations declares that the organic radical spins operate upon conductive
characteristics of polymers.
Figure 5.3. Electric conductivities of 2 with different radical concentrations.
The electric conductivities of the thiophenes were examined by doping the
polythiophene main chain with iodine. The I-V plots and the estimated conductivities showed
the doping effect on the improvement of the conductivities (Figure 5.2, Table 5.1). The
electric conductivities of the iodine-doped 1b ( = 6.6×10-6 S/cm) and 2b ( = 4.4×10-7 S/cm)
were appropriate values in consideration of the bulky side chain and the low regioregularity of
Table 5.1. Electric conductivities of the radical-substituted
polythiophenes and their precursors.
0 0.40.2 0.80.6 1.010
-10
10
-8
10
-6
10
-4
Radical Concentration (spin/unit)
Polymer Electric Conductivity (S/cm)Before doping
1a
2a
1
1b
6.4 x 10-10
6.0 x 10-10
2.5 x 10-9
1.9 x 10-6
2
2b
3.5 x 10-6
8.3 x 10-10
After doping
8.9 x 10-6
6.6 x 10-6
3.7 x 10-7
1.1 x 10-5
6.5 x 10-4
4.4 x 10-7
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the polythiophenes. It is interesting that the conductivities of the doped 1 ( = 1.1×10-5 S/cm)
and doped 2 ( = 6.5×10-4 S/cm) were higher than those of the corresponding pristine 1 and 2.
These results suggested that the improvement of electric conductivities by generating radicals
was due to some sort of mechanism that differed from the conventional doping effects.
5.3.2 Activation Energy of Galvinoxyl Radical-substituted Polythiophenes
The conductive characteristic of the galvinoxyl radical-substituted polythiophenes 2
and their precursor 2b were also evaluated with the activation energy Ea, which is estimated
from the temperature dependence of the conductance with Arrhenius plots (ln( -1000/T), as
seen in Figure 5.4. The activation energies of the radical-substituted polythiophenes 2 were
calculated to be 0.42 eV, which were lower than that of 2b (0.48 eV). This result also
supported the improvement of conductive characteristic of polythiophene by generating
radicals.
Figure 5.4. Arrhenius plots (ln( -1000/T) of 2 ( ) and 2b ( ).
5.4 Contribution of Radicals upon Polymer Conductivity
5.4.1 IR and Raman Spectroscopy
IR and Raman spectroscopy were applied to study the conformation change of
polythiophenes through the radical generation. IR spectra of 1b and 2b showed various
adsorption bands corresponding to polythiophene main chain and hydroxyl groups in the
regions of 1700-1000 and 3600-3700 cm-1, respectively (Figures 5.5(a), and (c)). In both
radical-substituted polythiophenes 1 and 2, the adsorption bands derived from hydroxyl
groups at 3600-3700 cm-1 were decreased (Figures 5.5(b), and (d)). Though the bands of 2 at
1700-1000 cm-1 were almost similar to that of precursor 2b, the bands of 1 differed from that
of 1b; a new broad band appeared at 1661 cm-1, and some bands at 1438, 1237, 1155, and
1119 cm-1 decreased by generating radicals.
Raman spectrum of each precursor polythiophene showed a broad band at 1424 (1b,
-10
-15
-20
-25
1000/T (K-1)
4.53.0 3.5 4.0 5.0 5.5
-5
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Figure 5.6(a)) or 1493 cm-1 (2b, Figure 5.6(c)) which belonged to the adsorption of C-C
stretch vibration between thiophene rings. A similar band was observed on 2 at 1493 cm-1
(Figure 5.6(d)); however, a corresponding band of 1 was shifted to 1464 cm-1 (Figure 5.6(b)).
The band at 1464 cm-1 was observed at the same position in the 1, in which the phenoxyl
radicals deactivated by leaving the sample for one month under air.
These IR and Raman spectroscopic results suggested that the conformation of the
phenoxyl radical-substituted polythiophene 1 changed from the aromatic type to the quinoid
type27-30 via the radical pair annihilation due to the disorder of the head-to-tail linkages. It is
generally known that the quinoid type has narrower bandgap than the aromatic type, therefore,
it was valid that the improvement in conductivity of phenol derivative-substituted
polythiophenes by generating phenoxyl radicals.
Figure 5.5. IR spectra of (a) 1b, (b) 1, (c) 2b, and (d) 2.
Figure 5.6. Raman spectra of (a) 1b, (b) 1, (c) 2b, and (d) 2.
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5.4.2 Contribution of Galvinoxyl Radicals upon Polymer Conductivity
The improvement of conductivity on the phenoxyl radical-substituted polythiophene
1 was explained to be derived from the conformation change of the polymer main chain
through the radical generation. On the other hand, the IR and Raman spectra of the galvinoxyl
radical-substituted polythiophene 2 and its precursor 2b suggested that there was no
conformation change by generating galvinoxyl radicals. Other factors derived from
galvinoxyl radicals are considered to contribute on the conductivity improvement of the
polymer.
Here the author discusses about a doping effect of galvinoxyl radicals on
polythiophenes and a contribution of hopping conduction through radical sites. First,
electrochemical property of the galvinoxyl radicals-substituted polythiophene was measured.
Cyclic voltammogram of the polymer film of 2 in acetonitrile containing (n-C4H9)4NClO4
displayed a reversible redox wave between a galvinoxyl radical and a phenolate anion (0.3 V
vs. Ag/AgCl). In addition, an oxidation and a reduction waves corresponding to p-type and
n-type doping of the polythiophene (1.1 V and -1.4 V vs. Ag/AgCl) were also measured at the
almost similar potentials of precursor polymers. These redox wave of galvinoxyl radical and
p-type and n-type doping waves were repeated many times (Figure 5.7). This result indicates
the galvinoxyl radical exists stably and independently even if the polythiophene backbone is
doped or polythiophene possesses the carriers on the chain.
Figure 5.7. Cyclic voltammogram for the film 1 on Pt electrode (electrode area: 8.0
mm2) in CH3CN with 0.1 M (n-C4H9)4NClO4 (reference electrode: Ag/AgCl, scanning
rate: 50 mV/s,)
Electric conductivity of poly(3-hexylthiophene) (P3HT, Mw = 1.1×105, Mw /Mn= 1.2,
HT contents = 74%) added with a small amount of low-molecular galvinoxyl radical was
measured to examine the doping effect of the galvinoxyl radicals. The conductivities of the
O O-e-
e-
S n S
-e-
e- n
S n S
-e-
e- n
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radical-added P3HT showed 10-5-10-7 S/cm, which were equal or less compared with the
additive-free P3HT ( = 3.6×10-5 S/cm), whereas P3HT doped with 0.13 equivalent of iodine
was much (ca. hundred times) higher than the corresponding pristine polymer (Table 5.2).
A galvinoxyl radical-substituted polystyrene 3 (Mw = 1.3×104, Mw /Mn= 1.3) and its
radical precursor polymer 3b possessing aliphatic backbones were also prepared.31 Low
electric conductivity of both aliphatic polymers ( = 10-12-10-11 S/cm) indicated that the
hopping conduction through radical sites was not effective (Table 5.3).
Table 5.2. Electric conductivities of poly(3-hexylthiophene) and the
polymers added with a small amount of galvinoxyl radical or its precursor.
Table 5.3. Electric conductivities of the galvinoxyl radical-substituted
polystyrenes 3 and its precursor 3a.
Based on these experimental results, contribution of the galvinoxyl radicals upon the
conductive characteristics is considered as follows. The conductive carrier is regarded as
holes because Fermi level of the electrode (gold: 5.30 eV) is nearly equal to the HOMO level
of polythiophenes (5.13 eV, calculated from CV measurement). In addition, electrochemical
measurement explains that the galvinoxyl radicals and its reduction body have properties to
be reduced and oxidized more easily than polythiophenes. Therefore, generation of radicals is
expected to facilitate the carrier transport by receiving carriers from a polythiophene chain to
a galvinoxyl radical through the -conjugated structure and passing the carriers from the
radical site to a neighboring polythiophene chain.
Polymer Electric Conductivity[S/cm]Additive
-
0.13
0.01
0.01
0.1
0.1
Addition
Equivalent
3.6 x 10-5
2.1 x 10-2
9.0 x 10-5
5.5 x 10-5
5.7 x 10-7
3.1 x 10-6
R = H
R = H
R =
R =
I3-
O
OR
S n
-
Polymer Conductivity[S/cm]
10-11
3 : R =
3a : R = H
O OR
n
10-11
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In conclusion, phenoxyl or galvinoxyl radical-substituted polythiophenes were
synthesized, and their electric conductivities were measured with micro comb-shaped
electrodes. The conductivities of galvinoxyl radical-substituted polythiophenes were
improved accompanying with an increase of radical concentrations. A series of experiments
indicated that the galvinoxyl radicals contributed upon conductive characteristics to facilitate
the carrier transport.
5.5 Experimental Section
Polymer Synthesis and Radical Generation
The monomers, 3-(3,5-di-tert-butyl-4-acetoxyphenyl)thiophene and 3-{4-[(3,5-di-
tert-butyl-4-acetoxyphenyl)(3,5-di-tert-butyl-4-oxo-cyclohexa-2,5-diene-1-ylidene)methyl]ph
enyl}thiophene, were synthesized by reference to previous papers.24,25
3-(3,5-Di-tert-butyl-4-acetoxyphenyl)thiophene. IR (KBr pellet, cm-1): 1761 ( C=O).
1H-NMR (CDCl3, 500 MHz,; ppm): = 7.51 (s, 2H, phenyl), 7.37 (dd, 1H, J1 = 2.6 Hz, J2 =
1.5 Hz, thiophene), 7.36 (d, 1H, J = 3.0 Hz, thiophene), 7.33 (dd, 1H, J1 = 4.7 Hz, J2 = 1.2 Hz,
thiophene), 2.36 (s, 3H, -OCOCH3), 1.38 (s, 18H, t-butyl). 13C-NMR (CDCl3, 500 MHz,;
ppm): = 171.1, 147.3, 142.8, 142.7, 133.2, 126.7, 126.0, 124.8, 120.2, 35.5, 31.5, 22.7.
MS (m/z): 330 calcd for M = 330.48. Anal. Calcd for (C20H26O2S): C, 72.7; H, 7.9; S, 9.7.
Found: C, 72.2; H, 8.1; S, 9.7.
3-{4-[(3,5-Di-tert-butyl-4-acetoxyphenyl)(3,5-di-tert-butyl-4-oxo-cyclohexa-2,5-diene-1-yl
idene)methyl]phenyl}thiophene. IR (KBr pellet, cm-1): 1760 (acetyl, C=O), 1603 (quinone,
C=O). 1H-NMR (CDCl3, 500 MHz,; ppm): = 7.67 (d, 2H, J = 8.5 Hz, phenyl), 7.60 (dd, 1H,
J1 = 2.7 Hz, J2 = 1.2 Hz, thiophene), 7.49 (dd, 1H, J1 = 5.0 Hz, J2 = 1.5 Hz, thiophene), 7.44
(dd, 1H, J1 = 5.0 Hz, J2 = 3.0 Hz, thiophene), 7.31 (d, 2H, J = 8.2 Hz, phenyl), 7.24 (d, 2H, J
= 2.4 Hz, quinone), 7.20 (d, 2H, J = 2.4 Hz, quinone), 7.18 (s, 2H, phenyl), 2.37 (s, 3H,
-OCOCH3), 1.32 (s, 18H, t-butyl), 1.27 (s, 9H, quinone t-butyl), 1.26 (s, 9H, quinone t-butyl).
13C-NMR (CDCl3, 500 MHz,; ppm): = 186.2, 170.7, 147.3, 147.2, 142.2, 141.4, 139.4,
137.4, 136.4, 133.0, 130.6, 129.7, 126.6, 126.1, 125.7, 121.2, 35.5, 35.3, 35.3, 31.4, 29.6, 29.6,
23.1. MS (m/z): 623 calcd for M = 622.90. Anal. Calcd for (C20H26O2S): C, 79.1; H, 8.1; S,
5.2. Found: C, 78.6; H, 8.4; S, 5.1.
Poly[3-(3,5-di-tert-butyl-4-acetoxyphenyl)thiophene] (1a). A CHCl3 solution (20 mL) of
3-(3,5-di-tert-butyl-4-acetoxyphenyl)thiophene (0.660 g, 2.0 mmol) was added to a
suspension of ferric chloride (1.30 g, 8.00 mmol) in a CHCl3 (80 mL). The resulting dark
purple mixture was stirred for 72 h at room temperature under argon atmosphere. The reaction
mixture was poured into methanol, and the deep orange precipitate was collected and washed
several times with water and methanol. The precipitate was dissolved in CHCl3 and mixed
with ammonia water for 24 h to dedope the oxidant. The product was extracted with CHCl3,
washed with water, and dried over anhydrous sodium sulfate. The organic layer was
evaporated and poured again into methanol. The deep red precipitate was washed with hot
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methanol, acetone, and hexane using a Soxhlet extractor and redissolved in hot CH2Cl2. The
CH2Cl2 solution was poured into methanol to give the purified polymer of 1a: yield 96%. IR
(KBr pellet, cm-1): 1764 ( C=O). 1H-NMR (CDCl3, 500 MHz,; ppm): = 7.31 (s, 2H, phenyl),
6.92-7.04 (br, 1H, thiophene), 2.30 (s, 3H, -OCOCH3), 1.27 (s, 18H, t-butyl). Anal. Calcd
for (C20H24O2S)n: C, 73.1; H, 7.3; S, 10.5. Found: C, 72.7; H, 7.2; S, 10.0.
Poly[3-(3,5-di-tert-butyl-4-hydroxyphenyl)thiophene] (1b). DMSO (50 ml) and 2.5 N
KOH (4.0 ml) were added to a THF (2 ml) solution of 1a (328 mg, 1.0 mmol). The solution
was stirred at 45 °C for 15 h under argon atmosphere, and neutralized with 1 N HCl. The
product was extracted with CHCl3, washed with water, and dried over anhydrous sodium
sulfate. The organic layer was evaporated and the solution poured into methanol to yield a
deep red powder of 1b (242 mg): yield 84%. IR (KBr pellet, cm-1): 3638 ( O-H). 1H-NMR
(CDCl3, 500 MHz,; ppm): = 7.14 (s, 2H, phenyl), 6.80-6.93 (br, 1H, thiophene), 5.22 (s, 1H,
-OH), 1.40 (s, 18H, t-butyl). Anal. Calcd for (C18H22OS)n: C, 75.5; H, 7.7; S, 11.2. Found: C,
75.8; H, 7.6; S, 11.0.
Poly[3-(3,5-di-tert-butyl-4-phenoxyl)thiophene] (1). NaOH aqueous solution (80 mg, 40
M) was added to a CH2Cl2 solution (1.5 ml) of 1b (60.0 mg, 133 unit mmol/l, 3.0 wt%), and
the solution was stirred for 0.5 h under argon atmosphere. The solution was then vigorously
stirred with 1 ml aqueous solution of K3[Fe(CN)6] (0.822 g, 12 equivalent to the phenolate) at
room temperature. The solution rapidly turned greenish brown after 10-20 min, which was
ascribed to the phenoxyl radical formation. The organic layer was washed with water and
dried over anhydrous sodium sulfate to give a solution of 1.
Poly[3-{4-[(3,5-di-tert-butyl-4-acetoxyphenyl)(3,5-di-tert-butyl-4-oxo-cyclohexa-2,5-diene
-1-ylidene)methyl]phenyl}thiophene] (2a). A CHCl3 solution (15 ml) of 3-{4-[(3,5-di-
tert-butyl-4-acetoxyphenyl)(3,5-di-tert-butyl-4-oxo-cyclohexa-2,5-diene-1-ylidene)methyl]ph
enyl}thiophene (0.500 g, 0.800 mmol) was added to a suspension of ferric chloride (0.519 g,
3.20 mmol) in a CHCl3 (25 ml). The resulting dark purple mixture was stirred for 72 h at
room temperature under argon atmosphere. The reaction mixture was poured into methanol,
and the deep orange precipitate was collected and washed several times with water and
methanol. The precipitate was dissolved in CHCl3 and mixed with ammonia water for 24 h to
dedope the oxidant. The product was extracted with CHCl3, washed with water, and dried
over anhydrous sodium sulfate. The organic layer was evaporated and poured again into
methanol. The deep red precipitate was washed with hot methanol, acetone, and hexane using
a Soxhlet extractor and redissolved in hot CH2Cl2. The CH2Cl2 solution was poured into
methanol to give the purified polymer of 2a: yield 85%. IR (KBr pellet, cm-1): 1767 (acetyl,
C=O), 1610 (quinone, C=O). 1H-NMR (CDCl3, 500 MHz,; ppm): = 7.51 (d, 2H, J = 7.3,
phenyl), 7.27 (d, 2H, J = 7.1, phenyl), 7.08-7.22 (br, 5H, thiophene, phenyl, quinone), 2.29 (s,
3H, -OCOCH3), 1.26 (s, 18H, t-butyl), 1.20 (s, 9H, quinone t-butyl), 1.10 (s, 9H, quinone
t-butyl). Anal. Calcd for (C41H48O3S)n: C, 79.4; H, 7.7; S, 5.2. Found: C, 79.8; H, 7.8; S, 5.0.
Poly[3-{4-[(3,5-di-tert-butyl-4-hydroxyphenyl)(3,5-di-tert-butyl-4-oxo-cyclohexa-2,5-dien
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e-1-ylidene)methyl]phenyl}thiophene] (2b). DMSO (8 ml) and 2.5 N KOH (2.6 ml) were
added to a THF (4ml) solution of 2a (404 mg, 0.650 mmol). The solution was stirred at 45 °C
for 15 h under argon atmosphere, and neutralized with 1 N HCl. The product was extracted
with CHCl3, washed with water, and dried over anhydrous sodium sulfate. The organic layer
was evaporated and the solution poured into methanol to yield a deep red powder of 2b (370
mg): yield 91%. IR (KBr pellet, cm-1): 3632 ( O-H), 1607 (quinone, C=O). 1H-NMR (CDCl3,
500 MHz,; ppm): = 7.50 (d, 2H, J = 8.2 Hz, phenyl), 7.27 (d, 2H, J = 6.7 Hz, phenyl),
7.05-7.18 (br, 5H, thiophene, phenyl, quinone), 5.53 (br, 1H, -OH), 1.34 (s, 18H, t-butyl),
1.24 (s, 9H, quinone t-butyl), 1.12 (s, 9H, quinone t-butyl). Anal. Calcd for (C39H46O2S)n: C,
81.0; H, 8.0; S, 5.5. Found: C, 81.3; H, 7.7; S, 5.6.
Poly[3-{4-[(3,5-di-tert-butyl-4-phenoxyl)(3,5-di-tert-butyl-4-oxo-cyclohexa-2,5-diene-1-yli
dene)methyl]phenyl}thiophene] (2). NaOH aqueous solution (80 mg, 40 M) was added to a
CH2Cl2 solution (2.4 ml) of 2b (96 mg, 69 unit mmol/l, 3.0 wt%), and the solution was stirred
for 0.5 h under argon atmosphere. The solution was then vigorously stirred with 1 ml aqueous
solution of K3[Fe(CN)6] (0.65 g, 12 equivalent to the phenolate) at room temperature. The
solution turned red-brownish after 15-60 min, which was ascribed to the galvinoxyl radical
formation. The organic layer was washed with water and dried over anhydrous sodium sulfate
to give a solution of 2.
Fabrication of gold micro comb-shaped electrodes
The gold comb-shaped electrodes with micro gaps were fabricated in a clean room as
follows. The chemically cleaned SiO2 surface of a 4 inch silicon wafer was coated with a
positive tone photoresist resin. The wafer was exposed by UV light through a chromium
patterned glass mask, which was fabricated various shapes and sizes of comb-shaped
electrodes in advance, and developed to yield the patterned photoresist film. The remaining
wastes on the SiO2 surface were removed with the ozone plasma etching, then the wafer was
set in a electron beam vapor deposition system to deposit titanium with 30 nm-thick and gold
with the thickness of 70 nm (the thickness of the electrode D = 100 nm). The wafer was
immersed into acetone, methanol, and isopropyl alcohol by turns to dissolve and remove the
photoresist together with metals on the resist, then the substrate was cut off into 20 mm × 20
mm-sized substrate. On each substrate, totally 60 kinds of various micro comb-shaped
electrodes bearing different sizes (total electrode lengths W: 200-100000 m, electrode gaps
L: 2, 3, 5, 10, and 20 m) were fabricated. The gold micro comb-shaped electrodes with W =
5 m and L = 10000 m on 7 mm × 14 mm-sized substrate were also prepared.
Electric Conductivity Measurement
Conductive characteristic of each polymer was evaluated with a semiconductor
parameter analyzer and gold micro comb-shaped electrodes. A 3.0 wt% dichloromethane
solution of polymer was spin-coated (1500 rpm for 15 s and followed 3000 rpm for 30 s) on
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micro comb-shaped electrodes to form a uniform polymer film with a thickness of ca. 180 nm
(measured with contact film thickness meter). The current (I)-potential (V) plots of each
polymer on various micro comb-shaped electrode bearing different sizes (e.g. L: 2 m, W=
50000 m) were recorded one by one in a dark box using a Keithley 4200-SCS
semiconductor parameter analyzer with two micro probes. The relation between the resistance
(R [ ] V [V]/I [A]), which was estimated from the slope of I-V plots, on each electrode and
the corresponding electrode sizes (total lengths: W [ m], gaps: L [ m], and thickness: D [cm]
of the electrode) was represented to the following equation: R =V/I = L/(WD). Here, is the
intrinsic resistance [ cm], which is the inverse of the electric conductivity [S/cm]. The
slope of WD/L  V/I plots gave the value of intrinsic resistance [ cm] and electric
conductivity [S/cm] of the sample. The samples doped with iodine were prepared by setting
the polythiophene film spin-coated on electrodes in a chamber under vacuum for 12 hours.
Activation energy of the sample was measured as follows. The 7 mm × 14 mm-sized
substrate depositing the samples on the electrode was mounted on a insertion probe (MUIP,
Quantum Design), which was placed in a cryostat (MPMS-7, Quantum Design) under
vacuum; the temperature range of a measurement was 150-300 K. The temperature
dependence of the conductance of the sample was measured using a Keithley 6517A
soucemeter. The slope of the Arrhenius plots (ln( )-1000/T) gave the value of activation
energy Ea [eV] of the sample.
Other Measurements
ESR spectra were taken using JEOL JES-TE 200 ESR spectrometer. The signal
position and the spin concentration of each sample were calibrated with an external standard
of Mn2+/MgO (g = 1.981) a calibration curve with stable 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO) radicals. The spin concentration was also analyzed with the slope of Curie plots in
magnetic measurement using a Quantum Design MPMS-7 SQUID magnetometer.
Electrochemical measurement was carried out using a BAS 100B/W electrochemical
analyzer (Bionalytical System inc.). Cyclic voltammetry was recorded for 2 in acetonitrile in
the presence of 0.1 M (n-C4H9)4ClO4 as the supporting electrolyte with the
polyradical-modified electrode, a platinum counter electrode, and an Ag/AgCl reference
electrode at a scan rate of 100 mV. Electrochemical properties of 2a and 2b were also
measured.
The 1H- and 13C -NMR, MS, GPC, IR, Raman, UV/vis, and fluorescence spectra
were measured using a JEOL Lambda 500, a Shimadzu GCMS-QP5050, a TOSOH
HLC-8220, a JASCO FT/IR-410, RENISHAW inVia, a JASCO V-500, and a Hitachi F-4500
spectrometer, respectively.
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6.1 Introduction
Long years of experimental and theoretical researches on polythiophenes have
revealed that their conductive characteristics are dominated by inter-chain hopping between
-conjugated backbones, whereas the conductive mechanism of individual polymer chain is
considered to be band conduction or tunneling conduction.1-4 Because of the possibility for
developing novel nanometer-scale molecular devices using -conjugated polymers, there has
been considerable interest in the conductive characteristics of individual polymer
molecules.5,6 For example, polythiophene bearing stable radicals (unpaired electrons) at
regular positions which shows ferromagnetic radical spin alignment7-9 are theoretically
predicted to demonstrate novel electro-magnetic property by connecting the molecule
between nano-gapped electrodes.10
For the study of single low-molecular conductive characteristic, the scanning probe
microscopic technique and the measurement using nano-gapped electrodes have been
attempted.11,12 The conductive characteristics of various kinds of -conjugated single
molecules such as oligo(phenylene ethynylene)s, oligo(phenylene vinylene)s, and carotenoid
polyenes which bound to gold electrodes with chemical sulfur-gold (S-Au) bonds, have been
analyzed using the scanning tunneling microscopy or the conducting atomic force
microscopy.13-16 Compared to low-molecular substances, however, the difficulty in aligning a
polymer chain perpendicular to a substrate prevented to measure the conductivity of the single
polymer chain with such probe techniques. On the other hand, the measurement using
electrodes with a nano-gap, which corresponds to the molecular length, is also effectual
method to directly measure the individual conductivity. Though analysis of many kinds of
molecules including oligo(phenylene)s, oligo(phenylene ethynylene)s, oligo(thiophene)s, and
porphyrin arrays have been widely reported using nano-gapped electrodes,17-20 this method is
inadequate to analyze the conductive characteristics of polymers due to the distribution of
molecular-weight and molecular-lengths. Instead of nano-gapped electrodes, it is practical to
measure the conductivity of -conjugated polymers with micro-gapped electrodes by the
mixing the polymers with metal nanoparticles, which are expected to reduce the contact
resistances between polymer chains.21,22 The conductivity improvement was observed in such
methods; however, the conductive characteristics did not represent their intrinsic ones because
of the hopping resistance between polymer chains and metal nanoparticles.
In this chapter, to measure the intrinsic conductive characteristics derived from
polymer main chain, the author attempted to create a network structure, in which the
thiol-terminated molecules are connected to gold nanoparticles with S-Au bonds linkages
(Figure 6.1), using thiol-terminated polythiophene instead of previously reported
oligothiophenes.23-25 The thiol precursor groups were introduced into the terminals of
polythiophene, which was obtained by the polycondensation of
3-subbstituted-2,5-dibromothiophene,4,26,27 via the Pd-catalyzed coupling reaction to maintain
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the -conjugated system. The polythiophene bearing thiol precursor terminals was
deprotected to yield 1 and was mixed with gold nanoparticle AuNP 1 to form the
thiol-terminated polythiophene/gold nanoparticle alternate network film 1/AuNP 1 with
conjugated S-Au bonds linkage (Figure 6.2(a)). The morphology of the film was analyzed by
the electron microscopy and the X-ray photoelectron spectroscopy to reveal the alternate
network structures of 1/AuNP 1. The outstanding conductive characteristics, particularly the
quite low activation energy, of 1/AuNP 1 demonstrated that the conductive characteristic of
polythiophene main chain was evaluated by connecting the polythiophene with gold
nanoparticle through the linkage of conjugated S-Au bonds.
Besides, Pd-catalyzed coupling reaction upon gold nanoparticle was also attempted
to form another polythiophene/gold nanoparticle alternate network film. First,
2,2-bithiophene bearing thiol and bromo groups at 5- and 5-position was synthesized as a
novel stabilizer for gold nanoparticles. The gold nanoparticle AuNP 2 stabilized with
bromo-terminated bithiophene thiol was reacted with 5-formyl-2-thiopheneboronic acid to
study the coupling reaction upon the gold nanoparticles. The 1H-NMR, UV, and TGA analysis
showed the progress of the coupling reaction. Boronic acid derivatives were introduced into
the end of bromo-terminated polythiophene via coupling reaction using Pd catalyst. The
boronic acid-terminated polythiophene 2 and AuNP 2 was mixed in the presence of Pd
catalyst to form a 2/AuNP 2 alternate network film (Figure 6.2(b)).
Figure 6.1. Schematic illustration of polythiophene/gold nanoparticle alternate network film.
Figure 6.2. Chemical structures of the end-functionalized polythiophene 1, 2 and the
gold nanoparticles AuNP 1, AuNP 2 to form the alternate network films via (a) thiol
exchange method and (b) cross-coupling reaction.
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6.2 Alternate Network Film Formation via Thiol Exchange Method
6.2.1 Synthesis of Thiol-terminated Polythiophene
The thiol-terminated polythiophene was synthesized along to the scheme 6.1. A
monomer, 2,5-dibromo-3-(3,5-di-tert-butyl-4-acetoxyphenyl)thiophene 3, was prepared by
the Suzuki coupling reaction of 3-thiopheneboronic acid and 4-bromo-2,6-di-tert-butyl-
acetoxybenzene, and the subsequent bromination with N-bromosuccinimide according to
previous papers.8,27 The Ni-catalyzed polycondensation4,26,27 of the monomer yielded the
bromo-terminated polythiophenes 4. The number-average molecular weight (Mn) of 4 is
estimated to be ca. 4.5×103, which corresponds to be a degree of polymerization of 13.2, with
a polydispersity Mw/Mn of 1.1 (gel permeation chromatography (GPC) with polystyrene
calibration). The regioregularity or head-to-tail (HT) content of 4 was estimated to be 78% by
the ratio of 1H-NMR signal intensity between the signal derived from HT linked -thiophene
proton (7.15 ppm) and other weak signals (7.12-7.26 ppm). The UV-vis adsorption and
fluorescent spectra of 4 in dichloromethane solution showed the UV-vis adsorption maximum
( max) at 398 nm and fluorescent maximum ( em with 398 nm excitation) at 534 nm. These
UV-vis adsorption and fluorescent spectra, which were relatively longer wavelengths than
corresponding monomers or oligomers, suggested extension of -conjugation in
polythiophene.
Scheme 6.1
Chart 6.1
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protection group for the thiol group, a methyl group was the appropriate for the coupling
reaction, whereas acetyl or alkylsilyl groups were inadequate for the Pd-catalyzed coupling
reactions in basic conditions, that is, the aromatic compound with acetyl- or
alkylsilyl-protected thiol group was not introduced into the ends of the polythiophene at all.
The thiol precursor groups were introduced into the ends of the polythiophene chain by the
Suzuki coupling reaction with (5-methylthio)thiophene boronic acid 5a, and the terminal
group modification was confirmed by MALDI-TOFMS. However, the introduction ratio of 5a
into the two ends of the polythiophene chain, which was estimated by the signal ratio of
1H-NMR, was 25-60% in any coupling reaction conditions. On the other hand, the Suzuki
coupling reaction of polythiophene 4 and (4-methylthio)phenyl boronic acid 5b with the
following optimal conditions; [B(OH)2]/[Br] = 10, [Pd(PPh3)4]/[Br] = 0.03, [Na2CO3]/[Br] =
4.0, solvent: 0.125 M THF, and reaction time: 48 h, gave the polythiophene 6 with the
introduction ratio of ca. 200%, that is, polythiophene bearing two thiol precursor groups at the
polymer chain terminals. The lower introduction ratio of end groups with 5a than the ratio
with 5b was considered to result from the low reaction activity of boronic acid at the
electron-rich -position of the thiophene. The Heck reaction of 4 and (4-methylthio)styrene
5c with palladium acetate also produced the thiol precursor-terminated polythiophene, but the
maximum introduction ratio remained 160%.
The deprotection reaction of thiol precursor groups at the terminals of polythiophene
chain was carried out quantitatively using grains of ground sodium. The structure and electric
state of the obtained thiol-terminated polythiophene 1 after treating them with HCl was
almost similar to the precursor polythiophene 6.
6.2.2 Radical Generation
The acetyl groups of phenol derivatives at the side chain of polythiophene 6 were
converted to the corresponding hydroxy groups in alkaline solution. The polythiophene
bearing hydroxyl groups at the side chain 7 was dissolved in dichloromethane containing
sodium hydroxide aqueous solution, and was oxidized heterogeneously with an aqueous
solution of potassium hexacyanoferrate (III) to yield the phenoxyl radical-substituted
polythiophene 8 (scheme 6.2). The ESR spectroscopy of the radical polymer 8 showed a
unimodal signal with a refined structure at g = 2.0045, which was corresponding to
oxygen-centered unpaired electrons, phenoxyl radicals (Figure 6.3(a)). The radical generation
ratio (radical concentration) of 8 was calculated to be 0.36 spin/unit by ESR spectroscopy.
Electrochemical property of the phenoxyl radicals-substituted polythiophene was
analyzed. Cyclic voltammogram of the polymer 7 in CH2Cl2 containing (n-C4H9)4NClO4
displayed a reversible redox wave between a phenolate anion and a phenoxyl radical (-0.18 V
vs. Ag/AgCl). In addition, an oxidation wave corresponding to p-type doping of the
polythiophene (0.88 V vs. Ag/AgCl) were also measured at the almost similar potentials of
precursor polymers. These redox wave of phenoxyl radical and p-type doping waves were
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stably repeated many times. This result indicates the phenoxyl radical exists stably even if the
polythiophene has thiol precursor groups at the polymer chain terminals (Figure 6.3(b)).
Scheme 6.2
Figure 6.3. (a) ESR spectrum of 8 with spin concentration = 0.36 spin/unit. (b) Cyclic
voltammogram for 7 in CH2Cl2 with 0.1 M (n-C4H9)4NClO4 and (n-C4H9)4NOH.
6.2.3 Formation of the Thiol-terminated Polythiophene/Gold Nanoparticle Network Film
The gold nanoparticle stabilized with tetraoctylammonium bromide (AuNP 1) or
dodecanethiol (AuNP 3) was prepared according to the previous methods (chart 6.2).28,29 The
TEM observation and the TGA analysis of AuNP 1 and AuNP 3 revealed that the diameters
and the contents of gold were 3.3±0.8 nm, 86% (AuNP 1) and 3.1±1.0 nm, 77% (AuNP 3),
respectively. These results lead the number of gold atoms and stabilizing molecules per
nanoparticle to be ca. 1040 (atoms/particle) and 70 (molecules/particle) in AuNP 1 and ca.
880 atoms/particle and 280 molecules/particle in AuNP 3, respectively.
Chart 6.2
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Though a toluene solution of thiol-terminated polythiophene 1 and a toluene
suspension of dodecanethiol-stabilized gold nanoparticle AuNP 3 was mixed and kept
standing for 72 h, no participate appeared in a vessel, whereas the network formations
between dodenanethiol-stabilized gold nanoparticle and alkane or oligothiopene dithiol
molecules were reported by many groups.23-25,30-32 Compared with these dithiol molecules
which formed network films using the thiol-thiol exchange reaction, the polythiophene 1
bearing bulky side groups was difficult to exchange the terminal thiol groups with
dodecanethiol due to the difference of the areas of possession per molecule. On the other hand,
the mixture of 1 and gold nanoparticle AuNP 1 stabilized with tetraoctylammonium bromide,
which can be replaced with 1, produced a black film on electrodes and in a vessel. The
obtained film was insoluble in any solvents, and adhered to the substrate even after washing
with ultrasonic cleaner.
6.2.4 Characterization of the Network Films
The SEM and TEM studies provide the morphologies of these self-assembled
network films. Figure 6.4(a) shows the SEM images of the networked structure of
polythiophene 1 connected with gold nanoparticle AuNP 1 between gold micro comb-shaped
electrodes with a gap of 10 m. A sample for the TEM measurement was prepared on a
copper-grid (mesh) by skimming off the floating network film from the mixture solution of
1/AuNP 1. Each gold nanoparticle is clearly distinguishable and no coagulation occurred,
which means that the thiol-terminated polythiophene molecules exist between the gold
nanoparticles (Figure 6.4(b)).
(a) (b)
Figure 6.4. (a) SEM image of the 1/AuNP 1 network film between gold micro
comb-shaped electrodes with a gap of 10 m: White part corresponds to the film and
black part corresponds to the ground substrate. (b) TEM image of the 1/AuNP 1 network
film on a carbon-mesh. (Inset: TEM image of the AuNP 1 on a carbon-mesh.)
Overview XPS spectra of the film of 1 and the network film composed of 1 and
AuNP 1 on SiO2 substrate showed signals from gold, carbon, nitrogen, oxygen, sulfur, and
silicon; no other elements were detected. Figure 6.5(a) is a XPS spectrum of 1 at the region of
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narrow scan on sulfur S 2p, which shows signals derived from free thiol groups (S-H) and
thiophene of 1 at binding energy of 163.3 eV (S 2p3/2) and 165.8 eV (S 2p1/2). On the other
hand, sulfur S 2p signals of network film 1/AuNP 1 were detected at 161.9, 162.9, 163.7, and
164.8 eV (Figure 6.5(b)). The S 2p signals with lower binding energy at 161.9 and 162.9 eV
are assigned to sulfur bound to gold nanoparticle (S-Au). Other signals at 163.7 and 164.8 eV
derived from sulfur in thiophene were broad and shifted to lower binding energy due to the
coordination of sulfur in thiophene to gold nanoparticle. These results demonstrate the
formation of the thiol-terminated polythiophene/gold nanoparticle alternate network film with
conjugated S-Au bonds linkage.
Figure 6.5. XPS spectrum of (a) 1 and (b) 1/AuNP 1 at the region of narrow scan on
sulfur S 2p.
6.2.5 Conductive Characteristics of the Network Films
The current (I)-potential (V) plots of typical samples in potential range of -20  20 V 
at room temperature are shown in Figure 6.6(a). The I-V plots of network film 1/AuNP 1
showed a sigmoidal curve; the I-V plots in potential range of -20  -12 and 12  20 V were 
linear, and the maximum current at 20 V reached ca. 10 A. On the other hand, the mixture
film of 6/AuNP 1, which was prepared by spin-coating the solution of 6 and AuNP 1 with a
same mixture ratio to 1/AuNP 1, electrify the current of ca. 50 nA at 20 V which was almost
similar conductivity to the film of 6. This result proves that the conductive characteristic of a
polythiophene was exponentially improved by connecting them with gold nanoparticles
through the conjugated S-Au bonds. In spite of such a superior conductive characteristic of
1/AuNP 1, the shapes (characteristics) of the I-V plots which were not linear (ohmic) but
sigmoidal (nonohmic) suggested that the injection barriers existed between gold nanoparticles
and neutral polythiophene even though they were connected with S-Au bonds. This
phenomenon is similar to the case of oligothiophene/gold nanoparticle network films.14
The electric conductivity of each sample was estimated from the slope of the WD/L  
168 164 160 168 164 160
Binding energy (eV) Binding energy (eV)
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V/I plots using various-sized micro comb-shaped electrodes, which enables to disregard the
influence of contact resistances between polymer and electrode, and to measure the
conductivity of the high-resistive polymer films. The electric conductivity of 1/AuNP 1 was
calculated to be 1.9×10-6 S/cm, and there is not so much of differences between the electric
conductivity of 1/AuNP 1 and other films such as 4 (2.8×10-7 S/cm), 6 (3.2×10-7 S/cm), and
6/AuNP 1 (2.8×10-7 S/cm) (Table 6.1, Entry 4-7). In this method, however, the precise electric
conductivity of such a network film is difficult to calculate because the conductive pathway is
not equivalent to the cross-section area of the electrode (product of total lengths W and
thickness D of the electrode). The substantial electric conductivity of the network film
1/AuNP 1 is regarded to be higher than the order of 10-6 S/cm, considering the morphology of
the film with cracks as seen in Figure 6.4(a) which makes the cross-section area narrower than
actual one.
Then, the conductive characteristic of the network film should be evaluated with the
activation energy Ea, which is estimated from the temperature dependence of the conductance,
that is to say Arrhenius plots (ln( -1000/T) as seen in Figure 6.6(b). The activation energy of
the network film 1/AuNP 1 was calculated to be 12.0 meV, which was much lower than those
of 4 (317.0 meV), 6 (259.4 meV), and 6/AuNP 1 (247.9 meV) (Table 6.1, Entry 4-7). Here the
author discusses about the conductive characteristics through gold nanoparticles by using the
network films composed of alkanedithiol and gold nanoparticles. The electric conductivity
and the activation energy varied with the length of the alkanedithiol molecules; the network
film with longer length alkanedithiol shows the relatively lower conductivity and higher
activation energy (Table 6.1, Entry 1-3). This tendency agrees with the electric conductive
mechanisms of gold nanoparticles which are considered to be thermal hopping and tunneling
among gold nanoparticles.30-32 The activation energy of 1/AuNP 1, however, is lower than
that of dodecanedithiol/AuNP 1, though the molecular length of 1 (ca. 4.8 nm) is several
times longer than that of dodecanethiol (ca. 1.9 nm). The results suggest that the conductive
characteristic of polythiophene main chain was evaluated by connecting the polythiophene
with gold nanoparticle through the linkage of conjugated S-Au bonds. The fact that the
activation energy of 1/AuNP 1 was much lower than that of 6/AuNP 1, which possessed the
gold nanoparticles as in the case of 1/AuNP 1, revealed that there were no doping effect on
polythiophene by gold nanoparticles, and supported the effects of conjugated S-Au bonds
linkage on the conductive characteristics of polythiophenes.
In conclusion of this section, the polythiophene/gold nanoparticle alternate network
film was prepared by mixing the thiol-terminated polythiophene and the gold nanoparticle.
The outstanding conductive characteristics of the network film demonstrated that the
conductive characteristic of polythiophene main chain was evaluated by connecting the
polythiophene with gold nanoparticle through the linkage of conjugated S-Au bonds.
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(a) (b)
Figure 6.6. (a) Current (I)-potential (V) plots of 6 ( ), 6+AuNP 1 ( ), and 1/AuNP 1
( ) with micro comb-shaped electrodes (W=200000 m, L=5 m). (b) Arrhenius plots
(ln( -1000/T) of 4 ( ), 6 ( ), 6+AuNP 1 ( ), and 1/AuNP 1 ( ).
Table 6.1. Conductive characteristics of various films.
6.3 Cross-coupling Reaction on the Surface of Gold Nano-particles to Form
Polythiophene/Gold Nano-particle Alternate Network Film
6.3.1 Preparation of Gold Nanoparticle Stabilized with Bromo-terminated Bithiophene
A series of gold nanoparticles stabilized with various -conjugated molecules bearing
thiol groups were prepared by modifying the stabilizer from dodecanethiol to 2-thiophenethiol,
2,2-bithiophene-5-thiol, 2,2':5',2''-terthiopheneterthiophene-5-thiol, or oligo(p-phenylene
vinylene) thiols. The gold nanoparticles stabilized with thiophene thiol, terthiophene thiol and
oligo(phenylenevinylene) thiols were obtained as spherical particles with ca. 2  4 nm 
diameters; however, their dispersion stabilities in organic solvents were so low that
aggregations of gold nanoparticles spontaneously occurred in a few hours. On the other hand,
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the bithiophene thiol-stabilized gold nanoparticle with its diameter of 2.4±1.1 nm was well
dispersed in toluene, dichloromethane, and THF for more than several months.
According to this knowledge, 5-Bromo-2,2-bithiophene-5-thiol 11, which was
synthesized along to the scheme 6.3, was selected as a stabilizer for a novel gold nanoparticle
(AuNP 2) bearing functional groups at the particle surface (Chart 6.3). The stabilizer 11 was
added to the homogenous mixture of hydrogen tetrachloroautate (III) tetrahydrate aqueous
solution and tetraoctylammonium bromide toluene solution with vigorous stirring. Sodium
borohydride reduced the gold salt to give gold nanoparticle stabilized with bromo-terminated
bithiophene. The obtained gold nanoparticle AuNP 2 showed high dispersion stability in
toluene, dichloromethane, and THF. The TEM observation and the TGA analysis of AuNP 2
revealed that the diameter and the content of gold were 3.4±1.4 nm and 85%, which lead the
number of gold atoms and stabilizing molecules per nanoparticle to be ca. 1130
(atoms/particle) and 150 (molecules/particle), respectively.
Scheme 6.3
Chart 6.3
The UV-vis spectrum of AuNP 2 showed adsorption maximums ( max) at 329 and
516 nm, which corresponded to a - transmission of bithiophene and a Plasmon adsorption
derived from gold nanoparticles (Figure 6.7). Cyclic voltammogram of AuNP 2 in
dichloromethane solution displayed three redox waves at E1/2 = -0.26 (Au3+/2+), -0.96 (Au2+/1+),
and -1.63 V (Au1+/0) (Figure 6.8), which were lower than those of gold nanoparticles
stabilized with dodecanethiol (-0.08, -0.81, and -1.05 V).33 The CV measurement indicated
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that electron-donating ability of -conjugated molecules directly linked to the gold
nanoparticle affected to the electrochemical properties of the gold nanoparticles.
Figure 6.7. UV-vis spectra of (solid line) AuNP 2 and (dotted line) AuNP 4 in
dichloromethane solution.
Figure 6.8. Cyclic voltammogram for AuNP 2 in CH2Cl2 with 0.1 M (n-C4H9)4NClO4 at
100 mVs-1 scan rate. Potential vs Ag/AgCl..
6.3.2 Model Pd-catalyzed Coupling Reaction on Gold Nanoparticle
A model suzuki coupling reaction of the gold nanoparticle AuNP 2 bearing bromo
groups at the surface with a aromatic molecule bearing boronic acid, 5-formyl-2-
thiopheneboronic acid, was carried out to study the coupling reaction on gold nanoparticle to
yield AuNP 4 (Scheme 6.3). Particle size of AuNP 4 measured by TEM observation was
3.3±1.0 nm, which was similar to the precursor gold nanoparticle AuNP 2 (3.4±1.4 nm). The
IR and 1H-NMR spectra of AuNP 4, i.e., a peak at 1700 cm-1 which belonged to the
adsorption of C=O stretch vibration in formyl group and a broad signal at 9.89 ppm derived
from a formyl proton, indicated the proceeding of the coupling reaction on the gold
nanoparticles. The coupling ratio of the boronic acid molecule was estimated to be ca. 40% by
comparing the mount of bithiophene-derivative molecules on AuNP 4 determined by TGA
analysis and that of AuNP 2. The UV-vis spectrum of AuNP 4 also supported the formation
of terthiophene molecules, since the max derived from the - transmission of
oligothiophenes shifted to longer wavelength (341 nm) than precursor one (329 nm), though
the max derived from the Plasmon adsorption retained (Figure 6.7).
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Scheme 6.3
6.3.3 Formation of Polythiophene/Gold Nanoparticle Network Film via Coupling Reaction
As functional groups to connect with bromo-terminated gold nanoparticles, AuNP 2,
via the Pd-catalyzed coupling reaction, boronic acid groups were introduced to the ends of the
polythiophene 4 (Scheme 6.4). The Suzuki coupling reaction of the bromo-terminated
polythiophene 4 (Mn = 2.8 × 103, Mn/Mw = 1.4) and excess amount of bis(pinacolato)diboron
with 1,3-bis(diphenylphosphino)propane palladium(II) dichloride as a catalyst yielded
boronic acid-terminated polythiophene 2 (Mn = 4.1 × 103, Mn/Mw = 1.2). The 1H-NMR
spectrum demonstrated that the introduction ratio of the boronic acid moiety to the
polythiophene chain was ca. 180%.
Scheme 6.4
The cross-coupling reaction of boronic acid-terminated polythiophene 2 and
bromo-terminated gold nanoparticle AuNP 2 with palladium catalyst yielded black films on
micro comb-shaped electrodes. The obtained film 2/AuNP 2 was insoluble in any solvents,
and adhered to the substrate even after washing with THF, ethanol, and water in an ultrasonic
cleaner which supported the formation of network structures with polythiophene and gold
nanoparticles.
The SEM image of the film 2/AuNP 2 between the gold electrodes was shown in
Figure 6.9(a), where the film was clearly observed to bridge the two gold electrodes. The
enlarged SEM image revealed the macroscopic network structures composed of
sub-micrometer sized granules, which were considered to be composed of polythiophene and
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gold nanoparticles (Figure 6.9(b)). This phenomenon was similar to the previous reports
utilizing oligothiophene and gold nanoparticles.23,25 TEM image of the network film in Figure
6.9(c) proved the network structure of polythiophene connected with gold nanoparticles.
Figure 6.9. (a) SEM image of the 2/AuNP 2 network film between gold micro
comb-shaped electrodes. (b) Enlarged SEM image of the 2/AuNP 2 network film. (c)
TEM image of the 2/AuNP 2 network film on a carbon-mesh.
6.3.4 Conductive Characteristic of the Network Film
The I-V plots of the network film 2/AuNP 2 in potential range of -10  10 V at room 
temperature is shown in Figure 6.8, which shows a almost linear plots even in the low
Figure 6.10. Current (I)-potential (V) plots of 2/AuNP 2 ( ) and 2 ( ) with micro
comb-shaped electrodes (W=200000 m, L=5 m) at room temperature.
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potential ranges, though the plots of polythiophene 2 and its precursor 4 showed sigmoidal
curves. Besides, the maximum current of 2/AuNP 2 at 10 V reached ca. 0.2 mA, which was
much higher than 2 (ca. 100 nA), which was nearly similar conductivity to the film of 4. The
electric conductivity of 2/AuNP 2 was measured to be 5.4×10-4 S/cm by using a four-probe
technique. The linear I-V plots without threshold voltage and the high electric conductivity of
the network film signify the excellent conductive characteristic, which has no contact
resistance between the electrode and the sample, by connecting the polythiophene chains with
gold nanoparticles maintaining -conjugated system.
In conclusion of this section, the Pd-catalyzed coupling reaction of the boronic
acid-terminated polythiophene and the gold nanoparticle stabilized with bromo-terminated
bithiophene thiol was carried out to form the polythiophene/gold nanoparticle alternate
network film. The morphology and conductive characteristic derived from the network
structures were studied by the microscopic observation and conductivity measurement.
6.4 Experimental Section
Synthesis.
2,5-Dibromo-3-(3,5-di-tert-butyl-4-acetoxyphenyl)thiophene (3). A monomer,
2,5-Dibromo-3-(3,5-di-tert-butyl-4-acetoxyphenyl)thiophene, was synthesized according to
previous papers [8,27]. IR (KBr pellet, cm-1): 2965 ( C-H), 1761 ( C=O). 1H-NMR (CDCl3,
500 MHz,; ppm): = 7.51 (s, 2H, phenyl), 7.03 (s, 1H, thiophene), 2.36 (s, 3H, -OCOCH3),
1.37 (s, 18H, t-butyl). 13C-NMR (CDCl3, 500 MHz,; ppm): = 170.9, 147.7, 142.6, 142.1,
131.7, 130.9, 126.7, 111.1, 107.4, 35.6, 31.4, 22.7. MS (m/z): 488, calcd for MS: 488.28.
Anal. Calcd for C20H24Br2O2S: C, 49.2; H, 5.0; S, 6.6. Found: C, 49.2; H, 4.9; S, 6.8.
Polymerization. To a solution of 3 (0.976 g, 2.0 mmol) in 8 ml of distilled DMF were added
0.25 ml of 1,5-cyclooctadiene (2.0 mmol), 2,2-bipyridine (0.375 g, 2.4 mmol), and Ni(cod)2
(0.660 g, 2.4 mmol). The reaction mixture was stirred at 95oC for 72 h under N2 atmosphere,
and was poured into HCl-acidic methanol to yield a yellow precipitate, which was washed
with diluted HCl, methanol, and an aqueous solution of disodium ethylenediamine
tetraacetate. The participate was dissolved in CH2Cl2 and poured into methanol to give the
purified polymer, poly[3-(3,5-di-tert-butyl-4-acetoxyphenyl)thiophene] (4): Yield 0.568 g
(58%). Number-average molecular weight Mn = 4.5 × 103, polydispersity Mw/Mn = 1.1 (gel
permeation chromatography (GPC) with polystyrene calibration). IR (KBr pellet, cm-1): 2961
( C-H), 1764 ( C=O). 1H-NMR (CDCl3, 500 MHz,; ppm): = 7.43-7.29 (br 2H, phenyl), 7.25
(br, 1H, thiophene), 2.31 (s, 3H, -OCOCH3), 1.37-1.19 (br, 18H, t-butyl). Anal. Calcd for
(C20H24O2S)13Br2: C, 70.5; H, 7.1; S, 9.4. Found: C, 73.2; H, 7.4; S, 9.7.
4-(Methylthio)phenylboronic acid (5a). A solution of 4-bromothioanisole (6.09 g, 0.03 mol)
in distilled THF (150 ml) was cooled at -78oC, and n-butyllithium (1.6 M) in hexane (28.5 ml,
0.045 mol) was slowly added to the solution under N2 atmosphere. After stirring the mixture
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solution for 20 min at -78oC, triisopropylborate (6.77 g, 0.036 mol) was added and stirred at
room temperature for 12 h. The mixture solution was poured into diluted HCl aqueous
solution (12ml HCl/600ml H2O) and stirred for 2 h. The organic layer was extracted with
diethylether. The crude product was purified by neutral silica gel column chromatography
with a chloroform/methanol (10/1) eluent to give a white crystal as anhydrous cyclic trimer:
Yield 42 . 1H-NMR (CDCl3, 500MHz; ppm): 8.08 (d, 2H, J=7.9 Hz, phenyl) 7.33 (d, 2H,
J=8.0 Hz, phenyl), 2.51 (s, 3H, CH3); 13C-NMR (CDCl3, 500MHz; ppm): 144.5, 135.9,
125.3, 100.6, 14.9; MS(m/z): 450, calcd for MS: 450.02. 5-(Methylthio)thiopheneboronic acid
(5b) was also obtained by the similar procedure to 5a using 5-(methylthio)thiophene as a
starting material.
Terminal Group Modification. Tetrakis(triphenylphosphine) palladium (3.7 mg, 0.0032
mmol) and sodium carbonate (0.045 g, 0.428 mmol) aqueous solution (0.07 ml) were added to
a distilled THF solution (0.86 ml) of bromo-terminated polythiophene 4 (0.240 g, [-Br] =
0.107 mmol) and 5b (0.161 g, [-B(OH)2] = 1.07 mmol). The mixture solution was refluxed for
48 h under N2 atmosphere. The polymer was purified by reprecipitating twice from CH2Cl2 in
methanol to yield a yellow powder 6: Yield 0.154 g (64%). Mn = 4.8 × 103, Mw/Mn = 1.1. IR
(KBr pellet, cm-1): 2964 ( C-H), 1763 ( C=O). 1H-NMR (CDCl3, 500 MHz,; ppm): =
7.43-7.31 (br 2H, phenyl), 7.29 (d, 0.10H, phenyl), 7.25 (d, 0.10H, phenyl), 7.16 (br, 1H,
thiophene), 2.46 (s, 0.21H, SCH3), 2.33 (s, 3H, -OCOCH3), 1.37-1.22 (br, 18H, t-butyl).
Terminal group modification with 5a or 5c was similarly carried out.
Thiol-terminated poly[3-(3,5-di-tert-butyl-4-hydroxyphenyl)thiophene] (1). Polythiophene
6 (100 mg, [-SCH3] = 0.042 mmol) was dissolved in distilled N,N-dimethylacetamide (6.1 ml).
Grains of ground sodium (0.0145g, 0.625 mmol) were carefully added to the solution at -40oC
under N2 atmosphere. After stirring the mixture solution at 110oC for 72 h, the solution was
poured into a 1 M HCl/methanol (1/1) solution. The participate was filtrated by glass filter,
and washed with methanol to yield orange powder 1: Yield 0.089 g (89%). 1H-NMR (CDCl3,
500 MHz,; ppm): = 7.25 (d, 0.10H, phenyl), 7.22 (d, 0.10H, phenyl), 7.12-7.17 (br, 3H,
thiophene, phenyl), 5.31 (s, 1H, -OH), 0.92-1.68 (br, 18H, t-butyl).
Methylthio-terminated poly[3-(3,5-di-tert-butyl-4-hydroxyphenyl)thiophene] (7).
Polythiophene 6 (160 mg, [-COCH3] = 0.50 mmol) was dissolved in a slight amount of THF,
then N,N-dimethylacetmide (25 ml) and 2.5 N KOH (4.0 ml, 0.01 mol) were added. The
solution was stirred at 80 °C for 36 h under N2 atmosphere, and neutralized with 1 N HCl.
The product was extracted with CHCl3, washed with water, and dried over anhydrous sodium
sulfate. The organic layer was evaporated and poured into methanol to yield orange powder of
7 (123 mg): yield 77%. Mn = 4.6 × 103, Mw/Mn = 1.1. IR (KBr pellet, cm-1): 3638 ( O-H), 2917
( C-H). 1H-NMR (CDCl3, 500 MHz,; ppm): = 7.41-7.36 (br 2H, phenyl), 7.28 (d, 0.10H,
phenyl), 7.25 (d, 0.10H, phenyl), 7.13 (br, 1H, thiophene), 5.12 (s, 1H, -OH), 2.44 (s, 0.21H,
-OH), 1.31-1.22 (br, 18H, t-butyl).
Radical generation. An aqueous solution of sodium hydroxide (32 mg, 0.8 mmol) was added
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to a CH2Cl2 solution (8.0 ml) of 7 (12.8 mg, [-OH] = 0.04 mmol)), and the solution was
stirred for 0.5 h under argon atmosphere. The solution was then vigorously stirred with 2 ml
of aqueous K3[Fe(CN)6] (0.158 g, 0.48 mmol) at room temperature. The solution rapidly
turned greenish brown after 10-20 min, which was ascribed to the phenoxyl radical formation.
The organic layer was washed with water and dried over anhydrous sodium sulfate to give 8.
5-Acetylthio-2,2-bithiophene (9). A solution of 2,2-bithiophene (4.16 g, 0.025 mol) in
distilled THF (50 ml) was cooled at -78oC, and n-butyllithium (2.6 M) in hexane (11.5 ml,
0.030 mol) was slowly added to the solution under N2 atmosphere. After stirring the mixture
solution for 20 min at room temperature, sulfur (0.962 g, 0.030 mol) was added and stirred at
room temperature for 30 min. The mixture solution was cooled at -78oC, and 2.67 ml of acetyl
chloride (2.94 g, 0.0375 mol) was slowly added to the solution. The mixture solution was
stirred for 12 h, and poured into water. After the organic layer was extracted with diethylether,
the crude product was purified by flash chromatography on silica gel with a
hexane/chloroform (5/1) eluent to give a yellow crystal: Yield 63 . IR (KBr pellet, cm-1):
2918 ( C-H), 1714 ( C=O). 1H-NMR (CDCl3, 500MHz; ppm): 7.25 (d, 1H, J=5.2 Hz,
thiophene) 7.19 (d, 1H, J=3.7 Hz, thiophene), 7.14 (d, 1H, J=4.0 Hz, thiophene) 7.06 (d, 1H,
J=4.0 Hz, thiophene), 7.02 (t, 1H, J=4.4 Hz, thiophene) 2.42 (s, 3H, CH3); 13C-NMR (CDCl3,
500MHz; ppm): 194.1, 172.0, 143.6, 136.5, 127.9, 125.2, 124.5, 124.1, 123.7, 29.5.
MS(m/z): 240, calcd for MS: 240.36.
5-Bromo-5-acetylthio-2,2-bithiophene (10). 9 (2.40 g, 0.010 mol) was dissolved in DMF
(40 ml), and N-bromosuccinimide (2.13 g, 0.012 mol) was slowly added to the solution. After
stirring the mixture solution for 24 h at room temperature, DMF was evaporated. After the
organic layer was extracted with chloroform, the crude product was purified by silica gel
column chromatography with a hexane/chloroform (1/1) eluent to give a yellow crystal: Yield
88 . IR (KBr pellet, cm-1): 2927 ( C-H), 1704 ( C=O). 1H-NMR (CDCl3, 500MHz; ppm):
7.06 (d, 1H, J=3.7 Hz, thiophene), 7.03 (d, 1H, J=3.7 Hz, thiophene) 6.96 (d, 1H, J=3.7 Hz,
thiophene), 6.91 (d, 1H, J=3.7 Hz, thiophene) 2.40 (s, 3H, CH3); 13C-NMR (CDCl3,
500MHz; ppm): 193.7, 142.3, 137.9, 136.3, 130.7, 124.5, 124.3, 124.2, 112.0, 29.5.
MS(m/z): 319, calcd for MS: 319.26.
5-Bromo-2,2-bithiophene-5-thiol (11). 10 (0.0144 g, 0.45 mmol) was dissolved in THF
(1.2 ml) and methanol (0.2 ml), and 2 ml of sodium hydroxide (0.18 g, 4.5 mmol) was added
to the solution. After stirring the solution for 6 h at 80oC, and was poured into HCl aqueous
solution (10ml HCl/100ml H2O) and stirred for 1 h. The organic layer was extracted with
chloroform and evaporated to give 11 (0.12 g): Yield 96 . MS(m/z): 277, calcd for MS:
277.22.
Gold nanoparticle stabilized with 11 (AuNP 2). To a solution of hydrogen tetrachloroautate
(III) tetrahydrate (0.556 g, 1.35 mmol) in H2O (45 ml) added a toluene solution (120 ml) of
tetraoctylammonium bromide (3.28 g, 6.0 mmol). The mixture solution was vigorously stirred
for 3 h at room temperature, and toluene solution (20 ml) of 11 (0.12 g, 0.045 mmol) was
Chapter 6
112 
added. After vigorous stirring for 16 h, an aqueous solution (37.5 ml) of sodium borohydride
(0.57 g, 15 mmol) was added to the solution, and stirred for 24 h at room temperature. The
crude product was washed with methanol, water, and diethylether: IR (KBr pellet, cm-1): 2917
( C-H), 2341 ( N-H), 1714 ( C=O),. 1H-NMR (CD2Cl2, 500MHz; ppm): 7.31 (d, 1H,
thiophene), 7.07 (d, 1H, thiophene) 7.02 (d, 1H, thiophene), 6.97 (d, 1H, thiophene). Anal.
Calcd for Au1130(C8H4S2Br)150: C, 5.5; H, 0.23; S, 5.5. Found: C; 9.3, H; 0.95, S; 5.4%.
Coupling reaction on AuNP 2 (AuNP 4). Tetrakis(triphenylphosphine) palladium (4.6 mg,
0.0040 mmol) and sodium carbonate (0.014 g, 0.133 mmol) aqueous solution (0.07 ml) were
added to a distilled THF suspension (0.40 ml) of AuNP 2 (0.050 g) and
5-formyl-2-thiopheneboronic acid (0.052 g, 0.332 mmol). The mixture solution was refluxed
for 72 h under N2 atmosphere. The crude product was washed with methanol, water, and
diethylether to give AuNP 4: IR (KBr pellet, cm-1): 2944 ( C-H), 1700 ( C=O). 1H-NMR
(CD2Cl2, 500 MHz,; ppm): = 9.89 (br, -CHO), 7.89-6.56 (m, thiophene). Anal. Calcd for
Au1130(C8H4S2Br)90(C13H7S4O)60: C, 6.8; H, 0.30; S, 6.2. Found: C, 6.9; H, 0.39 S, 3.4.
Boronic acid-terminated poly[3-(3,5-di-tert-butyl-4-acetoxyphenyl)thiophene] (2).
1,3-Bis(diphenylphosphino)propane palladium(II) dichloride (2.2 mg, 0.00263 mmol) and
potassium acetate (0.026 g, 0.263 mmol) were added to a distilled 1,4-dioxane solution (2.26
ml) of bromo-terminated polythiophene 4 (Mn = 2.8 × 103, Mn/Mw = 1.4, 0.150 g, [-Br] =
0.088 mmol) and bis(pinacolato)diboron (0.223 g, 0.878 mmol). The mixture solution was
refluxed for 72 h at 90 oC under N2 atmosphere. The polymer was purified by reprecipitating
twice from CH2Cl2 in methanol to yield a yellow powder 2: Yield 0.111 g (74%). Mn = 4.1 ×
103, Mn/Mw = 1.2. IR (KBr pellet, cm-1): 2962 ( C-H), 1762 ( C=O). 1H-NMR (CDCl3, 500
MHz,; ppm): = 7.50-7.18 (br, 3H, phenyl, thiophene), 2.75 (s, 3H, acetyl), 1.56-1.15 (br,
19.1 H, CH3).
Fabrication of the gold micro comb-shaped electrode.
The gold micro comb-shaped electrodes bearing different sizes (total electrode
lengths W: 200-100000 m, electrode gaps L: 2, 3, 5, 10, and 20 m) on silicon substrates
were prepared by the same procedures described chapter 5.
Preparation of the network film on the gold micro comb-shaped electrode.
Formation of alternate network film via thiol exchange method. The gold nanoparticle
stabilized with tetraoctylammonium bromide (AuNP 1) or dodecanethiol (AuNP 3) was
prepared according to the previous method.28,29 The micro comb-shaped electrodes were
immersed into a 4wt% toluene solution (10 ml) of 1 for 30 min, and then a 0.4wt% toluene
suspension (10 ml) of AuNP 1 was added. The mixture was kept standing for 72 h at room
temperature under N2 atmosphere. The substrate was washed with toluene in an ultrasonic
cleaner to remove excess compounds, and dried in vacuum at 50oC for 3h. Other network
films were similarly prepared.
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Formation of alternate network film via cross coupling reaction. In a vessel, the micro
comb-shaped electrodes, which were modified with p-bromothiophenol, were immersed into a
distilled THF solution (3.0 ml) of boronic acid-terminated polythiophene 2 (Mn = 3.8 × 103,
Mn/Mw = 1.3, 0.238 g, 0.0625 mmol), AuNP 2 (0.050 g, [Br] = 0.025 mmol), sodium
t-butoxide (4.8 mg, 0.0 mmol), and tetrakis(triphenylphosphine) palladium (0.87 mg, 0.00075
mmol). The mixture refluxed for 72 h under N2 atmosphere. The substrate was washed with
THF, ethanol, and water in an ultrasonic cleaner to remove excess compounds, and dried in
vacuum at 50oC for 3h.
Measurement of conductive characteristics of the network films.
Electric conductivity and activation energy of samples on gold micro comb-shaped
electrodes were respectively measured by a Keithley 4200-SCS semiconductor parameter
analyzer, or a Keithley 6517A soucemeter and a cryostat (MPMS-7, Quantum Design). For
the details, see the experimental section in chapter 5.
Other measurement .
ESR spectra were taken using JEOL JES-TE 200 ESR spectrometer. The signal
position and the spin concentration of each sample were calibrated with an external standard
of Mn2+/MgO (g = 1.981) a calibration curve with stable 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO) radicals. Electrochemical measurement was carried out using a BAS 100B/W
electrochemical analyzer (Bionalytical System inc.).
Cyclic voltammetry was recorded for 7 in CH2Cl2 in the presence of 0.1 M
(n-C4H9)4ClO4 as the supporting electrolyte with the polyradical-modified electrode, a
platinum counter electrode, and an Ag/AgCl reference electrode at a scan rate of 100 mV.
The 1H- and 13C -NMR, MS, IR, GPC, MALDI-TOMS, UV/vis, fluorescence, TGA,
SEM, TEM, and XPS analysis were performed using a JEOL Lambda 500, a Shimadzu
GCMS-QP5050, a JASCO FT/IR-410, a TOSOH HLC-8220, a Kratos AXIMA-CFR, a
JASCO V-500, a Hitachi F-4500, a Rigaku TG8120, a Hitachi S-4500S, a JEOL JEM-1011,
and a JASCO JPS-9010TR, respectively.
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7.1 Conclusion
In the above chapters of this thesis, the author describes the synthetic approach of
nanometer-sized radical polymers and their visualization, arrangement, and evaluation in
molecular-scale by integrating the synthetic chemical bottom up and the microfabricated 
physical top-down approaches. In this chapter, the characteristics of these materials and a
number of conclusions emerging from this study are summarized.
Chapter 2 Magnetic Force Microscopy as a New Tool to Evaluate Local Magnetization
of Organic Radical Polymers
(1) The poly(amidoamine) dendrimers (4th generation, 64 amino terminal groups) bearing
stable nitroxide radicals, 3-carboxy proxyl radicals, with different numbers of unpaired
electrons per molecule (n = 19, 42, 52, 63, etc.) were prepared under controlled reaction
conditions. The single molecular images of the radical-substituted dendrimers were observed
by atomic force microscopy as dome-shaped dots with 16.9 nm diameter and 0.5 nm height.
(2) Magnetic force microscopy (MFM) was applied to detect the magnetic responses of
unpaired electrons in the radical-substituted dendrimer molecules. The plots of the MFM
intensity of the radical molecular image vs the number of unpaired electrons per molecule
produced a proportional relationship. The magnetic moment of each radical molecule was
calculated with the MFM intensity, magnetic moment of a ferromagnetic probe, and a distance
between a sample and a probe. Good agreement of the magnetic moment calculated by the
MFM measurement with the conventionally estimated ones indicated that MFM is an efficient
tool to evaluate the local magnetization of radical polymers.
Chapter 3 Arrangement of Polystyrene Nano-particles on Micro-fabricated Substrates
(1) The polystyrene particles with various diameters from several tens nanometers to several
hundreds nanometers were prepared by emulsion or emulsifier-free emulsion polymerization.
The silicon substrates with various shapes of nanometer- or micrometer-sized recessed
patterns were obtained by the microfabrication process.
(2) The selective deposition of polystyrene nanoparticles into arrayed nano-etchpits was
realized by a simple dipping and pulling-up process. A special phenomenon, the cubic
packing of particles, was observed when using a square pattern substrate with 2- or 3-times
larger side-length than the particle diameters.
(3) The forces worked on particles during the pulling-up process were revealed by
calculating the capillary force, the friction force, and so on. Mechanism to form the cubic
packing structures within specific patterns was discussed with the relationship between
particle-assembling structures and pattern sizes, and was concluded that the interaction
between particles and pattern edges in the special case prevent to form the more stable
hexagonal packing structures.
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Chapter 4 Organic Magnetic Dot Array Formed with Nanometer-Sized Polyradical
Particles
(1) The polyradical nanoparticles (e.g., diameter = ca. 100 nm, diameter distribution <5%,
and ca. 8×1020 spin/g) were prepared via the emulsion polymerization of the TEMPO
derivative-substituted methacrylate monomer, then a deprotection reaction and oxidation in air.
The redox property of the polyradical nanoparticles was revealed by the cyclic voltammetry
and electrolysis ESR spectroscopy, and showed the possibility of utilizing the particles as
magnetic dots, in which the radical spin concentration can be electrochemically tuned. The
magnetic response image of the polyradical nano-particles was obtained using MFM
reflecting their radical spin concentrations.
(2) The selective deposition of the polyradical nanoparticles on the silicon microfabricated
substrate was achieved by a simple method, and was observed by AFM and MFM as organic
magnetic dot array.
Chapter 5 Conductive Characteristics of Phenoxyl Radical-substituted Polythiophenes
with Micro Comb-shape Electrodes
(1) The phenoxyl or galvinoxyl radical-substituted polythiophenes were synthesized, and
their conductive characteristics, conductivities and activation energies, were measured with
micro comb-shape electrodes.
(2) The Raman spectroscopy supported the improvement of conductivity by changing the
structures of the phenoxyl radical-substituted polythiophene with radical generation. The
conductivities of galvinoxyl radical-substituted polythiophenes were improved accompanying
with an increase of radical concentrations. A series of experiments indicated that the
galvinoxyl radicals contributed upon conductive characteristics to facilitate the carrier
transport.
Chapter 6 Formation of Polythiophene/Gold Nano-particle Alternate Network Film
(1) The thiol-terminated polythiophene was synthesized via the Pd-catalyzed coupling
reaction of the functional groups with the bromo-terminated polythiophene, which was
obtained by the Ni-catalyzed polycondensation. The thiol-terminated polythiophene was
mixed with the gold nanoparticle to form the polythiophene/gold nanoparticle alternate
network film spontaneously.
(2) The gold nanoparticles stabilized with -conjugated molecules, such as bromo-
terminated bithiophene thiol, were newly prepared. The Pd-catalyzed coupling reaction upon
the gold nanoparticle with the model compound bearing boronic acid group was succeeded.
The similar coupling reaction with the boronic acid-terminated polythiophene was also
carried out to form the polythiophene/gold nanoparticle alternate network film.
(3) The microscopic observations and XPS spectroscopy of the polythiophene/gold
nanoparticle films, which were formed with two different procedures, supported the formation
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of the alternate network structures. The conductive characteristics of the network films were
measured with the gold micro comb-shape electrodes. The outstanding conductive
characteristics, particularly the quite low activation energies, of the network films
demonstrated that the conductive characteristic of polythiophene main chain was evaluated by
connecting the polythiophene with gold nanoparticle through the linkage of conjugated S-Au
bonds.
7.2 Future Prospects
The contents of this research which demonstrated the visualization, arrangement, and
evaluation of nanometer-sized radical polymers in molecular-scale have possibilities for wide
evolution and applications. New concepts suggested by the author and future prospects for
radical polymers as nanometer-sized materials are presented below.
7.2.1 Scanning Probe Microscopic Observation of Radical Polymers
In chapter 2, the author demonstrated the efficiency of magnetic force microscopy
(MFM) as a quantitative evaluation tool for organic radical polymers. The radical spin
concentration of radical polymers can be estimated with the corresponding MFM images. It
will be required to verify the MFM images of other nanometer-sized radical polymers
quantitatively to support the efficiency of MFM observation of radical polymers. The
pseudo-two-dimensional hyperbranched or star-shaped poly(phenoxyl phenylene
vinylene)s,1-3 which have already been observed by atomic force microscopy (AFM) and/or
MFM as single molecular images, are the first candidates for the measuring objects. Similarly,
quantitative evaluation of local magnetizations in the pseudo-two-dimensional hyperbranched
poly(phenylenevinylene)s bearing amminium cation radicals4 and the submicrometer-sized
polymer particles including nitroxide radicals5,6 is also interesting. Because other factors, such
as the electrostatic interaction due to the charged cation radicals and the effects of sample size,
sample-probe distance, and radical distribution in molecule, will be required to take into
consideration.
Instead of AFM and MFM, other scanning probe microscopies are expected to apply
to the means for observation of the radical polymers. The scanning tunneling microscopy
(STM) had been applied only to conducting materials, particularly to metals and
semiconductors; however, the STM observation of some organic -conjugated molecules has
been recently reported to understand the molecular structures and electric states.7,8 As
preliminary experiments, the author attempted to apply STM to a radical polymer, the
pseudo-two-dimensional hyperbranched poly(phenoxyl phenylene vinylene), and its precursor.
The height image with a constant tunneling current of the precursor polymer gave a globular
image with its diameter of ca. 10 nm, which was similar to the size observed by AFM, due to
its -conjugated structure. On the other hand, the single molecular image of the radical
polymer was observed by STM as a globular structure with similar size to that of the
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precursor but including several dots inside (Figure 7.1). In addition, the STM observation of
the proxyl radical-substituted dendrimer described in chapter 2 in this thesis was also
succeeded despite of the aliphatic polymer backbone. These radicals are considered to affect
to the tunneling current through the molecule, though more detailed STM experiments of
radical polymers, for example the comparison of the STM images of spin-localized radical
polymers and spin-delocalized ones, will be required to discuss these STM images. The STM
might be possible to detect the local spin density of the radical polymers.
Figure 7.1. STM images (Height Mode, It=10 pA, Vs 200 mV) of (a) the precursor
polymer, (b) the radical polymer, and (c) 3-D image of the radical polymer.
The electrical force microscopy (EFM) and the scanning potential microscopy
(SPoM) are considered to be useful to study the charging state of radical polymers. The
polymer bearing amminium cations has charges in itself, and the hydroxyl radicals and the
nitroxide radicals also possess charges by the redox reactions. The observation of the charging
states of radicals will help the understanding of radical concentrations.
Recently, various microscopies such as Magnetic Resonance Force Microscopy
(MRFM), Spin Polarized STM (SP-STM), Exchange Force Microscopy (EFM), Scanning
Magnetoresistance Microscopy (SMRM), Lorenz-Force Microscopy (LFM), Electron
Holography Microscopy (EHM), and Spin Polarized SEM (SP-SEM) have been developed for
the detection of magnetism with nanometer-scale resolution. Detailed of these microscopies
are described in section 1.3.4 in this thesis. As some of these microscopies can detect a single
spin in a sample, application of these microscopies to radical polymers is also expected.
7.2.2 Arrangement of Nanometer-sized Radical Polymers
In chapter 4, the author describes the way to arrange the polyradical nanoparticles on
the microfabricated substrate. The polyradical nanoparticles are expected to be novel
magnetic dots which possess an unusual property that shows the continuous multi-valued
representation in one dot by tuning the radical spin concentration of the polyradical
nanoparticle; unlike the conventional two-valued information, such as 0/1, up/down, and
active/inactive, in metallic ferromagnetic materials. Such organic magnetic dot array
composed of polyradical nanoparticles is expected to utilize as a magnetic storage media
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(Figure 7.2). The ways to write, read, and erase the magnetic information in each dot 
are planned as follows. In this polyradical nanoparticle dot array, magnetic information is the
radical spin concentration of each nanoparticle. The radical spin concentration will be tuning
by the electrochemical redox reaction with the conducting AFM probe (write and erase), 
and will be quantitatively detected by MFM observation (read).  
Figure 7.2. Schematic illustration of the magnetic storage media by using the polyradical
nanoparticles arranged on the microfabricated substrate.
The arrangement of the radical polymers on the substrate was achieved by utilizing
the physical and/or non-covalent interactions between nanoparticles and the substrate to fulfill
the structural agreements of each shape and size. As another approach, the utilization of
covalent bonds is effective for the selective arrangement of radical polymers on a substrate.
Figure 7.3. A typical possible scheme for the arrangement of radical polymers via
covalent bond to the patterned SAM substrate.
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For example, the amino-terminated dendrimer bearing nitroxide radicals, the sample
described in chapter 2, could react with the formyl groups on the substrate, which will be
prepared by the self-assembled monolayer (SAM) formation and the patterning by UV or
electron beam (EB)9 (Figure 7.3). By changing the kinds of monolayer molecules, various
radical polymers bearing reactive functional groups will be able to arrange on the patterned
SAM substrate via covalent bonds.
7.2.3 Application of Nanometer-sized Spherical Radical Polymers
The nanometer-sized spherical radical polymers have possibilities for some
applications. The nitroxide radicals are known and used as the oxidative catalyst of alcohol or
the mediator of living radical polymerization.10 Compared with usual soluble low-molecular
ones, the nanometer-sized spherical radical polymers, which have giant molecular-weights
and can be separated from other components by the centrifuge, have the advantages in the
ease of removal and/or recycling as a catalyst. The nanometer-sized beads bearing nitroxide
radicals at the surface are also expected to be filled in a column as a reactor.
Core-shell structured molecule with dendrimer-core and fixed molecular weight
polymers-shell is interesting for its behaviors in various solvents and on substrates, and its
uptake and release property. It is considered two approaches for the core-shell structures: The
radical polymerization from the nitroxide radical on the particles (Scheme 7.1(a)), and the
addition of nitroxide radical nanoparticles into the nitroxide-capped polymers (Scheme
7.1(b)).
Scheme 7.1. Two proposed approaches for the core-shell structures by using the
nitroxide radical-substituted dendrimer and the living radical polymerization technique.
Assembled submicrometer-sized polymer particles with specific close packing
structures are known to show optical properties as photonic crystals.11 Some of these photonic
crystals consisted of particles demonstrated color change with external stimuli such as
temperature or solvent.12,13 The author suggests the optical property change of photonic
crystals by the redox reaction of radical polymers. The nitroxide radicals show their stable
redox reaction electrochemically accompanying with incomings and outgoings of counter ions.
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The photonic crystal of polymer nanoparticles bearing nitroxide radicals surrounded by gel
electrolyte as matrix is expected to demonstrate optical property change along with the redox
reaction of the nitroxide radicals (Figure 7.4).
Figure 7.4. A schematic illustration of the photonic crystal consisted of the radical
polymer particles and gel electrode.
In chapter 6, the author describes the synthetic procedure of the gold nanoparticles
stabilized with -conjugated molecules instead of usual aliphatic molecules. The integration
of gold nanoparticles and stable radicals are also interesting for their properties. Sugawara et
al. reported the gold nanoparticle stabilized with the nitronyl nitroxide radical-substituted
benzenethiols.14 Though they discuss the interaction among radicals through gold nanoparticle,
the interaction was very weak due to the localized property of the radicals. Instead of the
nitronyl nitroxide radical, delocalized phenoxyl radicals might give some certain properties to
the gold nanoparticles. The author preliminarily attempted the -conjugated thiol molecule
bearing phenol groups to the self-assembled monolayer (SAM) on the gold substrate. After
forming the monolayer, the hydroxyl groups were converted to the phenoxyl radicals by the
chemical or electrochemical oxidations. The oxidations yielded desorption of the molecule 1,
which has the thiol group and the phenoxyl radical at p-position; however, the molecule 2
with the phenoxyl radical substituted at m-position was stable on the substrate after generating
the radical. The property of the unpaired electron in the molecule 2, chemisorbed on gold
substrate, was examined by ESR spectroscopy and cyclic voltammetry. The evolution to the
phenoxyl radical-substituted gold nanoparticle AuNP(2 ) is also expected.
Chart 7.1. The p-conjugated molecules bearing hydroxyl group and thiol group 1, 2, and
the gold nanoparticle chemisorbed with phenoxyl radical-substituted -conjugated
molecule AuNP(2 ).
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7.2.4 Molecular Electronics with Radical Polymers
In chapter 5, the conductive characteristics of the radical-substituted polythiophenes
by using micro comb-shape electrodes are described. The contributions of the radicals on the
polymer conductivity were revealed; however, the intrinsic conductive characteristic of the
polymer was not evaluated due to the mismatch of the length of the polymer chain and the
electrodes gap. Progressing microfabrication techniques will achieve the fabrication of
nano-gapped electrodes with high reliability to measure the single molecular conductivities.
The micro comb-shape electrodes used in chapter 5 are available for the organic
field-effect transistor (FET) devices (Figure 7.5(a)). The author and his collaborator fabricated
organic transistor with regioregular poly(3-hexylthiophene) (P3HT) on the micro comb-shape
electrodes. The p-type FET characteristic of the device at room temperature under
atmospheric pressure, the field-effect mobility = 5.3×10-8 (cm2/Vs) and on-off ratio = 6.9
(Figure 7.5(b)), was approximate equivalent to the previously reported ones.15 It is expected
to demonstrate the ambipolar FET characteristic by alternating the semiconductor layer from
the P3HT to the galvinoxyl radical-substituted polythiophene because of the p-type
characteristic of polythiophene backbone and the n-type characteristic of the galvinoxyl
radical, which is known to show a stable n-type redox in the electrochemical measurement.
The electrochemical transistors16 or the spin transistors17 with radical polymers is also
attractive.
Figure 7.5. (a) A schematic illustration of the organic FET device. (b) Output
characteristics of the P3HT transistor (channel width W = 200 m and channel length L
= 20 m): the data plotted as ID vs VD at different gate voltages.
In chapter 6, the author describes the formation of the polythiophene/gold
nanoparticle alternate network film. Radical generation at the side chain of the polythiophene
will affect to their conductive characteristics. As the conductive characteristics of the intrinsic
polymer chain are considered to be measured in this case, differed from the case of chapter 5,
exact contribution of the radicals on the conductivity will be discussed with the comparison to
the theoretical prediction.18 The specific characteristics such as the magnetoresistance, i.e., the
resistance change by inducing external magnetic field,19 or the memory effect, i.e., the
resistance change by applying voltages,20 are also expected to show by using the radical
polymer/gold nanoparticle network films
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